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The Metabolism of Hydroxypyruvate 


I. THE NONENZY MATIC 


DECARBOXYLATION AND AUTOXIDATION OF HYDROXYPYRUVATE* 
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From the Department of Physiological Chemistry, University of Wisconsin, Madison 6, Wisconsin 
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Hydroxypyruvate has acquired more importance as a_bio- 
chemical intermediate as additional reactions involving this com- 
pound have been described (1-4). During studies on the 
metabolism of hydroxypyruvate in this laboratory, certain com- 
plications were encountered which were found to be due to 
nonenzymatic reactions of hydroxypyruvate. Some chemical 
reactions of this compound have been described previously (5, 6), 
but none of these reactions was directly applicable to the mild 
conditions used in enzymatic experiments. It has been found 
that even under very mild conditions hydroxypyruvate is readily 
autoxidized and is spontaneously decarboxylated. It was there- 
fore necessary to study the nonenzymatic reactions of hydroxy- 
pyruvate so that the nature of these reactions could be differen- 
tiated from the enzymatic transformations. This 
describes the results of these studies. 


paper 


EXPERIMENTAL PROCEDURE 

The lithium salt of hydroxypyruvate was prepared according 
to the method of Dickens and Williamson (5). Radioactive 
hydroxypyruvate was synthesized as described by Sprinson and 
Chargaff (6) starting with 1,2- or 3-C'-pyruvate. The radio- 
active bromopyruvate which was obtained after bromination of 
pyruvate was recrystallized by the following procedure. 

To 0.4 g of C'-bromopyruvate in a 10-ml beaker were added 
2.5 ml of CHCl; and 1.5 ml of CCl4, and the solution was warmed 
to dissolve the bromopyruvate. Norit was added and the solu- 
tion filtered into a warm centrifuge tube. The filter and beaker 
were rinsed with 3.5 ml of hot CCly. The solution was set 
aside to crystallize and finally placed in ice. In some cases, it 
was necessary to scratch the side of the tube to induce crystalliza- 
tion. After crystallization was complete, the crystals were 
scraped from the side of the tube and collected by centrifugation. 

After the hydrolysis of C'-bromopyruvate with LiOH, the 
C'™-hydroxypyruvate solution was placed on a 1- X 22-cm col- 
umn of Dowex 1-Cl-. After being washed with 50 ml of water, 
the column was eluted with a concentration gradient with 0.015 


Nn HCl in the reservoir and 200 ml of water in the mixing vessel. ° 


Hydroxypyruvate was eluted at about 325 ml of eluate. The 
tubes containing hydroxypyruvate, as determined by radioactiv- 


* This investigation was supported in part by Research Grant 
No. A-922 from the National Institute of Arthritis and Metabolic 
Diseases of the National Institutes of Health, United States 
Public Health Service, the American Cancer Society, and the Wis- 
consin Alumni Research Foundation. 

+ This investigation was carried out during the tenure of a 
Predoctoral Fellowship from the National Heart Institute, United 
States Public Health Service. 


ity, were collected, carefully neutralized with LiOH, and lyophi- 
lized. The resulting lithium hydroxypyruvate was free of 
pyruvate and bromopyruvate. Pyruvate and bromopyruvate 
were well separated from hydroxypyruvate in this elution scheme 
as determined by standard columns. The radioactive lithium 
hydroxypyruvate was contaminated with a small amount of 
LiCl resulting from the neutralization of the eluting acid. Hy- 
droxypyruvate solutions were assayed spectrophotometrically 
with DPNH and hydroxypyruvate reductase from parsley (3). 

A conventional Warburg apparatus was used to measure 
oxygen uptake. Air and nitrogen were used as the aerobic and 
anaerobic atmospheres. In the case of the anaerobic experi- 
ments, the flasks were flushed for 10 minutes with nitrogen at 
10 to 15 cm of pressure as registered by the Warburg manom- 
eters. The flasks were incubated at 37° and shaken at the rate 
of 120 strokes per minute. The length of incubation is indi- 
cated with each individual experiment. The flasks contained 
0.2 ml of 20% KOH in the center well. The main compartment 
contained 26.2 umoles of hydroxypyruvate in 0.5 M potassium 
maleate, pH 6.8, in a final volume of 3.0 ml. The hydroxypy- 
ruvate was tipped into the center compartment after a 5-minute 
equilibration period. The reactions were stopped by tipping in 
0.2 ml of concentrated HCIO; from a second sidearm. The pH 
after the addition of the HClO, was 3.0. For the collection of 
CO., the flasks were shaken for an additional 15 minutes after 
the HCIO, had been added. The flasks were then removed from 
the bath and the KOH quantitatively transferred from the cen- 
ter well to a 10-ml volumetric flask. 

A 1 to 5 ml aliquot was removed for CO, analysis and placed 
in a beaker containing 5 ml of water and 1 ml of 0.05 m NasCO; 
The carbonate was then precipitated by the addition of 1 ml of 
1 m BaCh. The precipitate was collected on a previously 
weighed filter pad, washed with ethyl alcohol followed by a 
mixture of 1:1 acetone-petroleum ether and dried under a heat 
lamp. The pad plus the BaCO; was then weighed and counted. 
All counts were corrected to infinite thinness. The C™ was 
counted with a microthin window gas flow counter operated in 
the Geiger region. 

The method of Kun and Hernandez (7) was used for the prep- 
aration and chromatography of the 2,4-dinitrophenylhydrazones 
of carbonyl compounds. 


RESULTS 


Effect of pH on Autoxidation—The pH was found to affect 
markedly the rate of autoxidation of hydroxypyruvate. As 
shown in Fig. 1, the rate of oxygen uptake at pH 8.0 was some 
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Fic. 1. The effect of pH on oxygen uptake of hydroxypyruvate 
The incubation mixture contained: 26.2 umoles of hydroxypyru 
vate, 0.1 M potassium phosphate buffer, 0.05 m KCI; incubation 
time, 120 minutes. 
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Fic. 2. The effect of pH on decarboxylation of hydroxypyru 
vate. The incubation mixture contained: 26.2 wmoles of 1-C1- 
hydroxypyruvate, 0.1 M potassium phosphate buffer, 0.05 m KCl; 
incubation time, 120 minutes. 


14 times that observed at pH 5.5. Thus, the oxidation of 
hydroxypyruvate may in some way involve the removal of a 
proton from the molecule. This proton does not come from the 
carboxyl group, as the pA for hydroxypyruvate would approxi- 
mate that of pyruvate, which has a pA of 2.5. Thus, at pH 5.5 
the carboxyl group is already ionized and cannot be the source 
of the proton. 

Effect of pH on Decarboxylation—The rate of decarboxylation 
of hydroxypyruvate is also pH-dependent (Fig. 2) as was the 
case with oxygen uptake. Thus, in this process also, removal.of 
a proton may occur before decarboxylation proceeds. It should 
be noted that there is a significant difference between the rate of 
decarboxylation which occurs aerobically and anaerobically. 
The increased rate of decarboxylation observed aerobically may 
be due to the decarboxylation of an oxidation product(s) of 
hydroxypyruvate or the oxidation product(s) may in some way 
catalyze the decarboxylation of hydroxypyruvate. 

Effect of Metal Ions on Autoxidation—The effect of metal ions 
on the autoxidation of hydroxypyruvate is shown in Table I. 
All metal ions investigated increased the oxygen uptake several 
fold at pH 6.8. The lowering of the oxygen uptake upon addi- 
tion of EDTA’ is undoubtedly caused by the complex formation 
of any endogenous contaminating metals present in the flask and 


! The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 
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the solutions used. The autoxidation was studied at 10-7, 10-3, 
and 10-4 M metal ion concentration. The autoxidation at these 
different concentrations differed only in the magnitude of the 
oxygen uptake. Even at 10-4 mM metal ion concentration, there 
is approximately a 2-fold increase in oxygen uptake over that 
where no metal ions were added among the metals arranged be- 
tween copper and zine. 

Effect of Metal Ions on Anaerobic Decarboxylation—Inasmuch 
as the autoxidation and decarboxylation of hydroxypyruvate 
were both a function of the pH of the medium, it was possible 
that both reactions would also be affected by the presence of 
Mn** catalyzes the anaerobic decarboxylation of 
hydroxypyruvate as shown in Fig. 3. The time curve for the 
decarboxylation of hydroxypyruvate in the presence of EDTA 
shows a considerable lag period. The reaction does not become 
linear until after 60 minutes. When Mn**+ is added in place of 
the EDTA, the lag period is shortened and the rate of decarboxy]- 
ation is increased over that where metal ions are absent. When 
Cu** was used as the metal ion, the results shown in Fig. 4 were 
obtained. Complete inhibition of decarboxylation occurs after 
120 minutes. This inhibition is reversed when the metal ion is 
Thus, when EDTA was added to chelate the cupric 
ions present, decarboxylation again took place. 


metal ions. 


removed. 


TABLE I 
Effect of metal ions on oxygen uptake of hydroxypyruvate 
The incubation mixture contained: 26.2 umoles of hydroxy- 
pyruvate, 10°? mM metal or 10-3? m EDTA; 0.5 m potassium maleate, 
pH 6.8; incubation time, 240 minutes. 
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Fic. 3. The effect of Mn** and EDTA on decarboxylation of 
hydroxypyruvate. The ineubation mixture contained: 23.2 


umoles of 1-C'-hydroxypyruvate, 0.5 mM potassium maleate, pH- 
6.8; 10-3 m_ EDTA or 10°? mM MnCl; anaerobie conditions. 


a aCe 





July 


Fy 
vate 
hyd 
3X 


It 
agal 
is al 
tion 

A 
hyd 
effo 
shor 
thes 
that 
and 
con 
the 
of t 
ter1 
9.0 
per 


sto 
inv 
uns 
cat 
act 


lo. 7 


10-3, 
hese 
the 
there 
that 
1 be- 


nuch 
vate 
sible 
-e of 
mn of 
r the 
DTA 
come 
ce of 
oxyl- 
Vhen 
were 
after 
on is 


upric 


roxy - 
leate, 


on of 
25.2 


, pH- 


: 


: 


Born ae 


dee BE 


July 1961 

















I.2 
! 1.O- Pg 
¥ 
t / 
“es 0.8 vy 
i) 06+ A 
4 EDTA Of 
2 oat ADDED 
4 
Xo2l eees 
i 1 1 1 rt l 
30 60 90120. 180 240 
MINUTES 


Fig. 4. The effect of Cu** on decarboxylation of hydroxypyru- 
vate. The incubation mixture contained: 26.2 wmoles of 1-C!- 
hydroxypyruvate; 0.5 M potassium maleate, pH 6.8; 10°? m CuCl; 
3 X 10°? m EDTA; anaerobic conditions. 


It should also be stated that when oxygen uptake is plotted 
against time at pH 6.8, a lag period analogous to that in Fig. 3 
is also obtained. This lag period is also shortened by the addi- 
tion of metal ions. 

Autoridation in Presence of Catalase—The autoxidation of 
hydroxypyruvate in the presence of catalase was studied in an 
effort to determine the stoichiometry of the reaction. Fig. 5 
shows the relationship between oxygen uptake and time. Under 
these conditions hydroxypyruvate has a half-life of a little more 
than 20 minutes. When a plot of 1/t versus 1/ul of Ov is made 
and extrapolated to infinite time, the maximal amount of oxygen 
consumed can be calculated. On comparison of this value with 
the known amount of hydroxypyruvate added, the stoichiometry 
of the reaction can be calculated. An average of four such de- 
terminations, two at pH 8.1 in an air atmosphere and two at pH 
9.0 in a 100% Oz atmosphere, gave a value of 0.52 mole of O» 
per mole of hydroxypyruvate. 
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Fic. 5. The autoxidation of hydroxypyruvate at pH 9 in the 
presence of catalase. The incubation mixture contained: 26.2 


umoles of hydroxypyruvate; 0.5 m Tris-HCl buffer, pH 9; 0.01 ug 
of catalase; 100% O» atmosphere. 


titration and found to vary from 3.6 to 64% within a concentra- 
tion range of 0.01 to 1.5 N NaOH. In more dilute solutions of 
alkali (0.01 N), polymerization of hydroxypyruvate takes place. 

The preparation of crystalline lithium hydroxypyruvate and 
many derivatives was accomplished in 1958 by Dickens and 
Williamson (5). They studied the effect of heat (100°) on de- 
carboxylation of hydroxypyruvate in aqueous solutions and 
found that hydroxypyruvate decarboxylates yielding CO. and 
glycolaldehyde in acidic solutions. In neutral and alkaline so- 
lutions, pL-erythrulose was formed rather than glycolaldehyde. 
Attempts to prepare the tautomer, dihydroxyacrylic acid, were 
unsuccessful. 

Scheme 1 indicates the reactions thought to be taking place 
under the experimental conditions used in this paper. 





0 O O oO O OH O 
| | -OH | | H+ | | | 
-O—C—C—CH, ——. -0—C—C=+CH —— -O0—C—CH—CH 
| | 
OH : OH 
| O. ie 
oO 0 0 O 
Further | Wl dl l 
oxidation < —- H.Os + ~-O—C—C—CH CO, + CH.CH 
products | 
OH 
| wi 
1 
CO. + HC—CH 
SCHEME 1 
DISCUSSION This scheme makes use of the well known tautomerism between 


The chemical nature of hydroxypyruvate was poorly under- 
stood until its synthesis by Sprinson and Chargaff (6). These 
investigators found that hydroxypyruvate was stable to acid but 
unstable to alkali. Its instability to alkali was thought to be 
caused by its tautomerism to one of its tautomers, dihydroxy- 
acrylic acid. The extent of tautomerism was followed by iodine 


hydroxypyruvate, dihydroxyacrylic acid, and tartronic acid 
semialdehyde. 

The effect of pH on the oxygen uptake of a solution of hydroxy- 
pyruvate is readily understood if it is the tautomer, dihydroxy- 
acrylic acid, which is reacting with oxygen rather than hydroxy- 
pyruvate itself. The conversion of hydroxypyruvate to its 
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tautomer is promoted by alkali; therefore the reaction should be 
dependent on the pH of the solution. This, of course, assumes 
that the tautomerism is the rate-limiting step in the over-all re- 
action. This assumption is reasonable because at any one time 
at these pH values, the concentration of dihydroxyacrylic acid 
is small. Even at 0.01 nN NaOH, which is equivalent to a pH of 
12, Sprinson and Chargaff found only 3.6% of hydroxypyruvate 
present as dihydroxyacrylic acid. Therefore, the rate-limiting 
step in the over-all reaction should be the removal of a proton 
from carbon 3, the removal of which is facilitated by alkali. The 
rate-limiting step in the enolization of acetoacetate has been 
found to be the removal of a proton (8). 

Hydrogen peroxide and ketomalonic acid semialdehyde are 
suggested as the reaction products of the autoxidation of hy- 
droxypyruvate. If hydrogen peroxide were being formed, the 
stoichiometry should involve 1 mole of Oz per mole of hydroxy- 
pyruvate. However, because hydrogen peroxide is readily de- 
composed and is capable of oxidizing the products of the autoxi- 
dation, as well as hydroxypyruvate, the stoichiometry was 
measured in the presence of catalase. 

When catalase is present, the peroxide formed should be de- 
composed to water and OQ». In this case the expected stoichiom- 
etry would be 0.5 mole of Oz per mole of hydroxypyruvate. 
Calculations made from the data in Fig. 5 gave a stoichiometry 
of 0.52 mole of Oz per mole of hydroxypyruvate. The autoxida- 
tion of hydroxypyruvate is analogous to the autoxidation of 
ascorbic acid and dihydroxyfumaric acid (9-11). 

Attempts at isolating the 2,4-dinitrophenylosazone of the 
oxidation product have been complicated by the fact that the 
tautomer of hydroxypyruvate, tartronic acid semialdehyde, and 
the oxidation product, ketomalonic acid semialdehyde, yield the 
same osazone. However, when the conditions for autoxidation 
are optimal (high pH, high O: tension), the tautomerism to 
tartronic acid semialdehyde in comparison to autoxidation should 
be minimal. When the osazones of the products of an experi- 
ment with high pH and high O, tension were prepared, an orange 
precipitate formed which when chromatographed gave a single 
spot corresponding to the Rr of the osazone of tartronic acid 
semialdehyde. Although the stoichiometry obtained and the 
osazone found are not conclusive evidence that ketomaloniec acid 
semialdehyde is the oxidation product, it is very highly indicative. 

As was indicated the decarboxylation was also influenced by 
the pH of the medium. A common intermediate in autoxidation 
and decarboxylation is suggested by this effect. It seems un- 
likely that the intermediate, dihydroxyacrylic acid, is itself 
undergoing decarboxylation as it is known that a,6-unsaturated 
acids are not readily decarboxylated (12). The most likely 
compound for decarboxylation is tartronic acid semialdehyde. 
The decarboxylation of 6-keto acids such as oxalacetate and 
acetoacetate is known to occur readily (13). It has been dem- 
onstrated that tartronic acid semialdehyde is decarboxylated 
under mild conditions (14). In the present studies, it was found 
that the amount of decarboxylation was much greater under 
aerobic conditions than under anaerobic conditions. This is 
probably due to the decarboxylation of the oxidation product, 
ketomalonic acid semialdehyde. It has been shown that this 
compound readily decarboxylates (15). 

The effect of metal ions on autoxidation and decarboxylation 
lends further support to the scheme of reactions suggested. 
Metal ions are known to catalyze the enolization of ketones (16). 
As indicated (Table I), metal ions greatly increase the autoxida- 
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tion of hydroxypyruvate. However, a second factor may be 
operative in the catalysis by metal ions of the autoxidation and 
decarboxylation of hydroxypyruvate. This second factor is 
thought to be the stabilization of the intermediate dihydroxy- 
acrylic acid by the formation of a chelate. It was found by 
Mellor and Maley (17) that the order of stability of the chelates 
of bivalent metals with salicylaldehyde is Cu > Ni > Co > 


Zn > Mn > Mg. This order of stability is the same for all 
ligands. This is the same order, without exception, that is found 


for the order of catalysis of metals upon the autoxidation of hy- 
droxypyruvate. This idea is strengthened further when a time 
curve is run upon the decarboxylation of hydroxypyruvate anaer- 
obically. When the decarboxylation of hydroxypyruvate is 
carried out in the presence of EDTA, a very low rate of decar- 
boxylation oceurs. Also, a rather lengthy time lag occurs be- 
cause of the required tautomerism of hydroxypyruvate to 
tartronic acid semialdehyde before decarboxylation occurs. 
When Mn**, a relatively poor chelator, is added, the time lag is 
shortened and the rate of decarboxylation increases. These 
results suggest that Mn** promotes the tautomerism of hydroxy- 
pyruvate to tartronic acid semialdehyde. The chelate stability 
of Mn** is not sufficient to stop tautomerism at the intermediate 
tautomer, dihydroxyvacryliec acid. 

When Cu** is used as the metal ion, the time lag is abolished, 
but decarboxylation is completely inhibited after 120 minutes. 
Thus, the copper chelate is sufficiently stable so that it prevents 
the further tautomerism of dihydroxyacrylic acid to tartronic 
acid semialdehyde. When this chelate is replaced by chelation 
of the copper with EDTA, decarboxylation again proceeds. A 
different situation occurs when the oxygen uptake instead of the 
decarboxylation is measured. As metals with a higher chelate 
stability constant are used, the lag period is shortened and th’ 
rate of oxygen uptake is increased. Thus, it is the dihydroxy 
acrylic acid which is oxidized, but it is not the dihydroxyacrylic 
acid which is decarboxylated. 

The mechanism for tautomerism of hydroxypyruvate could be 
pictured as operating by a “push-pull” type of mechanism. 
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The alkali removes the proton while the metal ion picks up and 
stabilizes the resulting product. This mechanism is analogous 
to the mechanism proposed by Steinberger and Westheimer (18) 
for the decarboxylation of dimethyloxalacetic acid. The differ- 
ence is that carbon dioxide was both the electron donating and 
leaving group in their case, whereas hydrogen is the electron 
donating and leaving group in this case. Thus, the mechanism 
proposed by them may be a general one of the type: 


M 





M 
fo / 
°G ¢ 
| | i 
C—C as C—C=C +R(R* 
= on 
0) R O 


in which R is the electron donating and leaving group. The 
structure of the metal chelates in these mechanisms is drawn 
merely as an analogy to structures proposed by others (13, 18). 
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The actual structure of the chelate may be different as there are 
several chelating possibilities in the hydroxypyruvate molecule. 
A white crystalline compound containing a high percentage of 
copper has been isolated which is thought to be the copper che- 
late of dihydroxyacrylic acid. This compound gives a positive 
ferric chloride test for enols and rapidly decolorizes bromine 
water. The determination of structure and characterization of 
this compound are presently being pursued. Very little is known 
of the properties of dihydroxyacrylic acid because the compound 
itself has not been prepared and only one derivative is known 
(19). 
SUMMARY 


Hydroxypyruvate was found to be readily autoxidized and 
decarboxylated under the mild conditions normally used in en- 
zymatic experiments. The decarboxylation and oxidation re- 
actions are catalyzed by alkali and metals. The reaction scheme 
proposed to account for these reactions uses tautomerism to 
dihydroxyacrylic acid and tartronic acid semialdehyde. The 
dihydroxyacrylic acid is thought to be autoxidized, whereas the 
tartronic acid semialdehyde is the compound which decarboxyl- 
ates. Divalent metal ions chelate the tautomer dihydroxyacrylic 
acid. A compound thought to be the copper chelate of dihy- 
droxyacrylic acid has been isolated and is being characterized. 
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Our knowledge of the metabolic role of hydroxypyruvate has 
expanded greatly in recent years. In animal systems, hydroxy- 
pyruvate has been shown to participate in the following reactions: 
(a) transamination with alanine to yield serine (2), (b) reduction 
to L-glyceric acid in the presence of DPNH and lactic dehydro- 
genase (3), (c) conversion to glucose (4), (d) decarboxylation and 
subsequent condensation with glyceralaldehyde to yield xylulose 
(5), and (e) oxidation by purified preparations of pyruvic oxidase 
(6). However, the metabolic origin and final catabolic fate of 
hydroxypyruvate remain unknown. As has been previously 
reported (7), the compound is rapidly metabolized by rat liver 
homogenates. In an effort to elucidate the catabolic reactions 
of hydroxypyruvate, it was necessary to determine to what ex- 
tent it is metabolized by the above mentioned reactions. The 
purpose of the studies presented here is an evaluation of the 
participation of hydroxypyruvate in some of these reactions with 
a washed residue preparation from rat liver. 


EXPERIMENTAL PROCEDURE 


Materials—The lithium salt of hydroxypyruvate was prepared 
according to the method of Dickens and Williamson (8). Radio- 
active hydroxypyruvate was synthesized as described in a pre- 
ceding paper (9). Hydroxypyruvate was assayed spectropho- 
tometrically with DPNH and hydroxypyruvate reductase from 
parsley (10). Pyruvic acid used as a substrate, and in the prep- 
aration of bromopyruvate, was redistilled three times before use 
(11). ATP, DPN, and other cofactors and compounds were 
commercial preparations. 

Enzyme Preparation—The enzyme source was a washed residue 
preparation from rat liver prepared essentially by the method of 
Lehninger and Kennedy (12). Livers from rats weighing from 
175 to 200 g were placed in a Potter-Elvehjem homogenizer and 
homogenized with 2 volumes of 0.13 m KCI-0.013 m sodium 
phosphate buffer, pH 6.8. The homogenate was then filtered 
through two layers of cheese cloth and centrifuged at 2750 x g 
for 10 minutes. The supernatant solution was discarded and the 
residue was washed twice with equal volumes of the KCl-buffer 
medium. In some cases, Tris buffer of an appropriate concen- 
tration was used. In all cases, 1.3 ml of enzyme were added to 
each flask. 


* A preliminary report of this work has appeared (1). This in- 
vestigation was supported in part by Research Grant No. A-922 
from the National Institute of Arthritis and Metabolic Diseases of 
the National Institutes of Health, United States Public Health 
Service, and the Wisconsin Alumni Research Foundation. 

{+ This investigation was carried out during the tenure of a 
Predoctoral Fellowship from the National Heart Institute, United 
States Public Health Service. 


Analytical Methods—A conventional Warburg apparatus was 
used to measure oxygen uptake. The flasks contained 0.2 ml of 
KOH, 20 g/100 ml, in the center well. The final salt concen- 
tration after addition of the enzyme was 0.056 m KCI-0.062 m 
sodium phosphate buffer, pH 6.8. The total volume was 3.0 ml. 
After a 5-minute equilibration period, the substrate was tipped 
in and the incubation continued for 2 hours at 37°. In cases in 
which C™“O, was also measured, double-arm Warburg flasks were 
used with 0.2 ml of 3.4 Nn HClO, in the second side arm of the 
flask. After addition of the HClO, at the end of the incubation, 
the flasks were shaken for an additional 15 minutes. The KOH 
was removed from the center well and diluted to 10 ml. A CO. 
analysis was carried out as previously described (9). Other ex- 
perimental details, when differing from those above, are presented 
with the individual experiments. 

Deficient Rats—Vitamin-deficient rats were obtained by feed- 
ing rats a synthetic diet devoid of thiamine or riboflavin but 
complete in all other respects. Control animals were fed the 
same synthetic diet except that thiamine and riboflavin were 
added. Weanling rats weighing an average of 50 g were used. 
After 26 days of feeding, the thiamine-deficient rats were killed. 
They weighed an average of 53 g compared to 153 g for the con- 
trol animals. The riboflavin-deficient rats were killed after 53 
days of feeding. They weighed an average of 73 g compared to 
an average weight of 189 g for the control group. 


RESULTS 


All values reported have been corrected for endogenous res- 
piration. In addition, they have also been corrected for the 
nonenzymatic decarboxylation and autoxidation observed with 
a hydroxypyruvate control. As previously described, hydroxy- 
pyruvate is a labile compound even under the mild conditions 
used in enzymatic experiments (9). 

The effect of DPN, ATP, and arsenite upon the oxygen up- 
take and decarboxylation of pyruvate and hydroxypyruvate in 
this system is presented in Table I. The addition of DPN was 
required for the oxidation of pyruvate, but not for either the 
oxidation or decarboxylation of hydroxypyruvate. Similar re- 
sults were obtained with TPN. As would be expected in this 
system, added ATP was not required for the oxidation of pyru- 
vate nor did it influence the oxidation or decarboxylation of 
hydroxypyruvate. Experiments with Tris buffer and various 
metal ions to form complexes of phosphate did not alter hy- 
droxypyruvate oxidation or decarboxylation. Furthermore, 
phosphohydroxypyruvate was not oxidized in this system. 

Arsenite is known to be an inhibitor of the pyruvic dehydro- 
genase system (13) and was therefore investigated in these 
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TABLE [ 
Effect of DPN, ATP, and arsenite on oxidation and decarborylation 
of hydroxypyruvate and pyruvate 
The incubation mixture contained: 50 umoles of pyruvate or 
45.5 umoles of 1-C!*-hydroxypyruvate; phosphate buffer, pH 7.0; 
Mg**, 1.2 X 10°? M; arsenite, 8 X 10-? m; ATP, 1 X 10-* m; DPN, 
1X 10°? a. 











Reaction system Oz uptake | CO2 
pl | pmoles 
Lo ARE te ae EA oi a ae Are Pe 37 
FEVOVORVOVIUVALE ... 6 oc 56 oe ce cic tew views 203 | 4.5 
DP OTGOIS FIBA ose josiee vines sanceneesaen es 372 
Hydroxypyruvate + DPN.................. 199 | 4.1 
Pyruvate + arsenite + DPN............... —1 | 
Hydroxypyruvate + arsenite + DPN....... 29 | 3.1 
Dac SE eS 5 a ere oe es 20 
Hydroxypyruvate + ATP............... 0005.5. 286 3.9 
Pyruvate + DPN + ABP... sce bicciein 372 | 
Hydroxypyruvate + DPN + ATP.......... 213 | 3.6 





studies. Pyruvate oxidation was completely inhibited by 8 x 
10-* m arsenite whereas that observed with hydroxypyruvate was 
unaffected. The decarboxylation of hydroxypyruvate, how- 
ever, was decreased 25 to 30% in the presence of arsenite. This 
may be a measure of the extent to which hydroxypyruvate enters 
into the pyruvic dehydrogenase series of reactions. 

In order to obtain an insight into what cofactors, if any, may 
be involved in hydroxypyruvate oxidation and decarboxylation 
in this system, enzyme preparations from thiamine- and ribo- 
flavin-deficient rats were investigated. The oxidation of hy- 
droxypyruvate, in the case of riboflavin deficiency (Table II), 
was lowered some 75% in comparison to that observed with a 
control animal. Addition of flavin mononucleotide or FAD did 
not restore oxygen uptake to the normal level. In contrast, the 
decarboxylation of hydroxypyruvate observed was about the 
same in preparations from either the riboflavin-deficient or nor- 
mal control animals. It appears that a flavin may be involved 
in the oxidation of hydroxypyruvate. 

Pyruvate oxidation, on the other hand, was markedly stimu- 
lated in the riboflavin-deficient preparations. Oxygen uptake 
was 3 times greater in the deficient preparations than it was in 
that from the normal animal in the presence of DPN. The 
figures represent actual participation in the pyruvic dehydrogen- 
ase system rather than in some other reaction because there was 
a release of CO: paralleling the increased oxygen uptake. Flavin 
has not been indicated to be involved directly in the animal 
pyruvic dehydrogenase system. The reason for this large in- 
crease in oxygen uptake in the case of pyruvate is unknown. 

Table III indicates the effect of thiamine on hydroxypyruvate 
oxidation and decarboxylation and on pyruvate oxidation. The 
oxidation of hydroxypyruvate observed was the same in normal 
and in thiamine-deficient preparations. Thiamine deficiency re- 
sulted in a slight decrease in the decarboxylation of hydroxypy- 
ruvate. Because pyruvate oxidation was reduced to a very low 
level in these preparations, the small decrease in the decarboxyla- 
tion of hydroxypyruvate observed may represent the extent to 
which this compound is decarboxylated by the pyruvic dehydro- 
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TaBLe IT 
Oxygen uptake and decarboxylation of hydroxypyruvate and pyruvate 
in preparations from riboflavin-deficient rats 
The incubation mixture contained: 50 umoles of 1-C*-hydroxy- 


pyruvate or pyruvate, 10-3 m Mg**; 10-* m cofactor; and phos- 
phate buffer, pH 7.0. 














Reaction system O2 uptake | CO 
} pl | umoles 
Riboflavin-deficient | | 
PIyavonypyravale oe keke see | 55 5.0 
Hydroxypyruvate + FAD................ | 2 | 46 
Hydroxypyruvate + flavin mononucleo- | | 
Us Se a Se Coste eS oR 63 | 5.0 
| 
ee. ee eee eee EER Te Wee eee ete | li | 0.5 
Pyevate sb DP es aies.ndcsccumcameloconcdals | 1188 27.4 
Normal 
ERVOLORSDVTUVERE... 656 occ wee dieses cpa 209 | 4.3 
EA OUEMUO as cron oa bigcne near sietecsermetareces 40 | 
PPO VNR Se PRE IN s. ossssscrsired cee auisann eae | 444 | 
! 1 
TaBLe III 


Effect of thiamine deficiency on oxygen uptake and decarboxylation 
of hydroxypyruvate and pyruvate 
The incubation mixture contained: 50 umoles of pyruvate or 
1-C'4-hydroxypyruvate; Tris buffer, pH 7.0; DPN, 1 X 10-3? Mm 
where added. 





Reaction system | Oz uptake CO: 





| pl | pmoles 
| | 
Thiamine-deficient 
PRU seco ors sa cnttandeakue deco aemeiwes | —4 
PB YEUVAUC Fe TIN cis Siniiaivoants<teniesen|! =o 
EE VULORVOVTUVGLO 5 5 <5 on ccc alinns cwkeas- | 79 ~=6|~ «3.0 
Hydroxypyruvate + DPN................ | 79 | 2.9 
Normal | 
PVT a) 526 ee ea ed 61 | 
PRA GRNS: Fr APE os. RAE ew GR | 432 | 
Py GvORGPYTINVALE:.. «.< 42)26<55 ancaawede ses 89 | 3.6 
Hydroxypyruvate + DPN................ 760=«| «Cs3..4 
1 | 





genase system or some other thiamine-requiring reaction. Thi- 
amine, however, does not appear to be involved in the main 
reactions resulting in either the decarboxylation or oxidation of 
hydroxypyruvate. 

1,2- or 3-C™-labeled hydroxypyruvates were used to determine 
to what extent the hydroxypyruvate molecule was degraded to 
COs. The results (Table IV) are expressed as the percentage of 
C-1 of hydroxypyruvate as C“O, released. It can be seen that 
C-1 is the major carbon lost. Further degradation of the de- 
carboxylation product(s) occurs only to a limited extent in this 
system. Very little C“O: originating from C-3 of hydroxypyru- 
vate was observed. 

DISCUSSION 


Hydroxypyruvate has been found to undergo a wide variety 
of reactions in plants and animals. A fairly complete listing of 
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TaBLe IV 
CO, production from C-labeled hydroxypyruvates 


The incubation mixture contained: 50 uwmoles of hydroxy- 
pyruvate and phosphate buffer, pH 6.8. 





| 
|COz-1-Cis released 
| 





oO 

40 
Hydroxypyruvate-1-C™.................... ccc eee. | (100) 
Hydroxypyruvate-2-C™. ................... eee eee | 13.8 
Hydrozypyruvate-3-C™......o. cee cee eee | 3.1 





these reactions can be found in papers by Fukunaga (5) and 
Dickens and Williamson (4). One of the more important reac- 
tions in which hydroxypyruvate could participate in a washed 
residue preparation would be that of pyruvic dehydrogenase. In 
order to evaluate this pathway of hydroxypyruvate oxidation, 
the metabolism of hydroxypyruvate and pyruvate were com- 
pared with a washed residue preparation, in response to various 
cofactors and inhibitors. 

Pyruvate oxidation requires the addition of DPN in this 
system and is completely inhibited by 8 x 10-* M arsenite. In 
contrast, neither of these two compounds has any effect upon the 
oxidation or decarboxylation of hydroxypyruvate. The me- 
tabolism of pyruvate and hydroxypyruvate responds differently 
to riboflavin deficiency. Hydroxypyruvate oxidation was de- 
creased and decarboxylation increased slightly. On the other 
hand, pyruvate oxidation was greatly increased. Thiamine is 
known to be an important cofactor in pyruvate oxidation. As 
would be expected, thiamine deficiency greatly reduced the 
pyruvate oxidation but did not significantly alter either the 
oxidation or decarboxylation of hydroxypyruvate from that ob- 
served with the normal controls. 

Thus, it seems clear that although hydroxypyruvate can 
participate in a purified pyruvic oxidase system as shown by 
Jagannathan and Schweet (6), it does not do so to any great 
extent in this system. A measure of the extent to which hy- 
droxypyruvate is decarboxylated by pyruvic oxidase may be the 
decrease in decarboxylation when the system is inhibited by 
arsenite. This decrease is paralleled by a decrease in decar- 
boxylation when a thiamine-deficient preparation is used. 

The lack of response of hydroxypyruvate metabolism to thia- 
mine deficiency tends to minimize participation in reactions 
requiring thiamine. Thiamine is of course an important com- 
ponent of the transketolase system as well as pyruvic dehy- 
drogenase. If hydroxypyruvate were primarily participating in 
such reactions, one should observe a drastic lowering of its de- 
carboxylation in the thiamine-deficient preparation. No such 
response was detected. The enzymes characteristic of the pen- 
tose cycle have been shown to be extramitochondrial enzymes 
(14). Therefore, the amount of transketolase present in a 
washed residue preparation should be small. 

Apparently, hydroxypyruvate is undergoing at least two reac- 
tions in this system which have not been fully described before 
for an animal system: that of nonoxidative decarboxylation and 
oxidation. 

The decarboxylation shows no response to added DPN, TPN, 
or cytochrome c. Hydroxypyruvate decarboxylation was un- 
affected by anaerobic conditions. The deficiency experiments 
indicate that a flavin component does not appear to be involved 
in the decarboxylation. C-1 of hydroxypyruvate seems to be 
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the major carbon lost as CO2, Neither inorganic phosphate nor 
the phosphorylated derivative (phosphohydroxypyruvate) ap- 
pear to be involved in the oxidation of hydroxypyruvate. 

Kuratomi and Fukunaga (15) have described in a preliminary 
note a Mg*+-requiring system from rat liver which apparently 
can decarboxylate hydroxypyruvate. Added thiamine pyro- 
phosphate had no effect upon the decarboxylation of hydroxy- 
pyruvate. These workers identified the decarboxylation product 
as glycolaldehyde. Their system may or may not be the same 
as the one studied here, but further purification and characteriza- 
tion of these systems must be achieved before this can be deter- 
mined. 

The oxidation of hydroxypyruvate may involve a flavin com- 
ponent. Thus far, this is the only compound found to have any 
effect upon the oxygen uptake. The oxygen uptake in a prep- 
aration from a riboflavin-deficient rat could not be restored by 
the addition of flavin mononucleotide or FAD. This finding is 
similar to observations by Burch et al. (16) that the oxidation of 
succinate, 8-hydroxybutyrate, or a-ketoglutarate by mitochon- 
dria from riboflavin-deficient rats could not be restored to normal 
by the addition of FAD or flavin mononucleotide. However, the 
increase in oxygen uptake when pyruvate and DPN are used as 
substrates is in direct contrast to their findings for a-ketoglu- 
tarate and 6-hydroxybutyrate. The explanation for this dis- 
crepancy is unknown. 

The oxidation and decarboxylation steps seem to be two sep- 
arate divergent reactions rather than sequential reactions. Since 
decarboxylation is nonoxidative, glycolaldehyde is a possibility 
as the decarboxylation product. If the reactions were sequential, 
glycolaldehyde should be further oxidized. However, when 
glycolaldehyde is added as a substrate, it is oxidized to a very 
small extent. The oxygen uptake is much too high in relation 
to CO: release for decarboxylation to precede oxidation. Oxida- 
tion cannot precede decarboxylation as anaerobic conditions 
have no effect upon decarboxylation. Results to be published 
subsequently on the effect of metal ions in these two reactions 
also indicate that they are two separate divergent reactions. 

The work described here is only intended to be indicative of 
approaches for future research on the metabolism of hydroxypy- 
ruvate. Further purification of these enzymes and characteri- 
zation of the enzymatic oxidation and decarboxylation of hy- 
droxypyruvate are in progress. 


SUMMARY 


Comparative studies on the oxidation and decarboxylation of 
hydroxypyruvate and pyruvate by washed residues of rat liver 
have been made. Evidence has been presented which indicates 
that hydroxypyruvate does not participate to any great extent 
in the pyruvic dehydrogenase system or in thiamine-requiring 
reactions in such preparations. This system catalyzes the non- 
oxidative decarboxylation of hydroxypyruvate as well as its 
oxidation. These reactions are two separate divergent, rather 
than sequential, reactions. Evidence has been obtained suggest- 
ing a flavin derivative is involved in the oxidation of hydroxy- 
pyruvate. 
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The transformation of pentose to hexoses was first observed 
by Dische (1) in hemolysates of red blood cells. Glucose 6-phos- 
phate was shown to accumulate when ribose 5-phosphate was 
incubated in a crude enzyme preparation from liver (2), and 
fructose 6-phosphate was identified by Glock (8) as the first 
product of the pentose-hexose transformation. It was shown by 
de la Haba and Racker (4) that this transformation requires 
transketolase and a second enzyme obtained from yeast. This 
enzyme was shown by Horecker and Smyrniotis (5) to act as a 
transaldolase that transfers the dihydroxyacetone moiety of 
sedoheptulose 7-phosphate to glyceraldehyde 3-phosphate to 
form fructose 6-phosphate. The distribution and _ biological 
functions of transaldolase have been reviewed elsewhere (6). 
The enzyme has been partially purified from spinach and various 
types of yeast (7-9). This paper deals with the purification and 
crystallization of transaldolase from bakers’ yeast, and with 
studies of some of its properties. 


EXPERIMENTAL PROCEDURE 


Substrates—Unless otherwise stated the p isomers of the sugar 
phosphates were used throughout. An equilibrium mixture of 
ribose-5-P, ribulose-5-P, and xylulose-5-P was prepared as pre- 
viously described (10), except that purified ribose-5-P isomerase 
and xylulose-5-P epimerase (11) were used instead of the crude 
yeast preparations. Sedoheptulose-7-P was prepared as de- 
scribed (12). Thiamine pyrophosphate, the barium salt of the 
diethylacetal of pt-glyceraldehyde-3-P, and sodium ribonucleate 
were obtained from the Schwarz Laboratories, Inc. The sodium 
salt of pu-glyceraldehyde-3-P was prepared as described pre- 
viously (13). The dimethylacetal of erythrose-4-P was kindly 
donated by Dr. C. Ballou. Fructose-6-P-1-C™ was prepared 
from glucose-1-C" as described previously (14). 

Preparation of 1-Glyceraldehyde-3-P—.-Glyceraldehyde-3-P 
was prepared by incubating in a final volume of 15.3 ml the 
following reagents: 868 umoles of sodium p1-glyceraldehyde-3-P, 
30 units of glyceraldehyde-3-P dehydrogenase, 25 umoles of 
DPN, 800 umoles of potassium pyruvate, 200 ug of lactate de- 
hydrogenase, and 75 umoles of sodium arsenate. The pH was 
adjusted to 7.4 with 1 N NaOH. After incubation for 20 min- 
utes at 25°, the mixture was placed on a Dowex 1-formate column 
(18 x 1.0 em), and L-glyceraldehyde-3-P was separated by gra- 
dient elution with formic acid-formate buffer (0.5 mM ammonium 


* This work has been supported in part by Research Grant No. 
C-3463 from the National Institutes of Health, United States 
Public Health Service. 


formate + 0.2 N formic acid). Fractions (5 ml) were collected 
and tested for aldehydes and keto acids with 2,4-dinitrophenyl- 
hydrazine. Two peaks were found, one of which was identified 
as pyruvate and the other as t-glyceraldehyde-3-P. The frac- 
tions containing L-glyceraldehyde-3-P were pooled, neutralized, 
and 1 mmole of calcium acetate was added. The precipitate 
formed was discarded after being washed with 5 ml of water. 
To the clear, combined supernatant solutions, 4 volumes of 
ethanol were added. After standing at 0° overnight, the pre- 
cipitate was centrifuged, washed successively with 80% ethanol, 
absolute alcohol, and ether, and finally dried in a vacuum. <A 
total of 210 umoles of the calcium salt of L-glyceraldehyde-3-P 
were obtained. 

Auziliary Enzymes—Transketolase (8), glucose-6-P isomerase 
(15), ribose-5-P isomerase, and xylulose-5-P epimerase (11) were 
prepared as described. Glyceraldehyde-3-P dehydrogenase, 
glucose-6-P dehydrogenase, lactate dehydrogenase, and mixed 
crystals of a-glycerophosphate dehydrogenase and triose-P iso- 
merase were purchased from Boehringer and Soehne, Mannheim, 
Germany. Potato phosphatase was prepared by an unpublished 
procedure of Dr. A. Kornberg. 

Analytical Procedures—Sedoheptulose-7-P measured 
colorimetrically according to the method of Dische (16) or by an 
enzymatic method (17). 1-Glyceraldehyde-3-P was assayed by 
two methods: (a) estimation of inorganic phosphate after ex- 
posing the triose-P to 1 N NaOH for 20 minutes at 25° (18), 
or (b) enzymatically with transaldolase, as described under 
“Results.”’ Sorbose was determined with anthrone reagent (19), 
tetrose according to Dische and Dische (20), orthophosphate 
according to Lohmann and Jendrassik (21), and protein either 
turbidimetrically (22) or spectrophotometrically (23). 

Definition of Unit—One unit of transaldolase catalyzes the 
turnover of 1 umole of substrate per minute under the conditions 
of the assay. Specific activity is defined as units of enzyme per 
mg of protein. 

Transaldolase Assay—During the purification procedure the 
enzyme was measured by a direct spectrophotometric assay 
(Assay 1, Table I). Although this assay did not give maximal 


was 


values for reasons to be discussed later, it was used because of 


its sensitivity and convenience. 

Purification of Transaldolase—Glass-distilled water was used 
throughout the procedure and, unless otherwise specified, the 
temperature of the enzyme preparation was kept close to 0°. 

Step 1. Preparation of Crude Extract—Fresh Fleischmann 
bakers’ yeast was frozen in liquid nitrogen cssentially as de- 
scribed by Black (24). To 900 g of the frozen yeast, 900 ml of 
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distilled water were added. After thawing, the mixture was 
blended in a Waring Blendor for 1 minute, and the pH of the 
resulting slurry was adjusted to 8.5 by the slow addition of 5 N 
ammonium hydroxide. After 72 hours at 0°, the mixture was 
centrifuged at 11,000 x g for 20 minutes. The total volume of 
the extract was 1000 ml. 

Step 2. Fractionation with Acetone—Acetone (500 ml, pre- 
viously chilled to —10°) was added with constant stirring to the 
crude extract, the temperature being maintained at —2°. After 
centrifugation at 14,000 x g for 10 minutes at —5°, the precipi- 
tate, which contained negligible transaldolase activity, was dis- 
carded. To the clear supernatant solution, 500 ml of acetone 
were added and the precipitate was collected by centrifugation. 
The precipitate was taken up in 300 ml of water and dialyzed 
against 6 liters of distilled water for 16 hours at 0°. 

Step 3. Removal of Isoelectric Precipitate at pH 5.0—The 
small amount of precipitate formed on dialysis was discarded 
after centrifugation. For each 100 mg of protein in the superna- 
tant solution, 0.89 ml of a dialyzed 5% sodium ribonucleate 
solution was added and the pH was adjusted to 5.0 by the slow 
addition of 0.2 N acetic acid. After 10 minutes, the mixture 
was centrifuged and the precipitate discarded. The pH of the 
clear supernatant solution was brought to 5.7 by the careful 
addition of 5 N ammonium hydroxide. 

Step 4. Adsorption on Calcium Phosphate Gel—The superna- 
tant solution was diluted to 10 mg of protein per ml and 0.4 
volume of calcium phosphate gel (20 mg per ml), prepared ac- 
cording to the method of Keilin and Hartree (25), was added. 
After 20 minutes the mixture was centrifuged, and the superna- 
tant solution was assayed for transaldolase to ascertain complete 
adsorption. Successive elutions of the gel were carried out with 
100 ml each of 0.05, 0.1, 0.2, 0.3, and 0.4 m potassium phosphate 
buffer, pH 7.7. Each fraction was assayed separately and those 
with high specific activity were pooled. Usually the eluates 
with 0.1, 0.2, and 0.3 m phosphate buffer were combined. 

Step 5. Ammonium Sulfate Fractionation—To each 100 ml of 
the combined eluates, 29.1 g of solid ammonium sulfate were 
added, and the precipitate was discarded after centrifugation. 
Two more fractions were collected by the successive addition of 
9.2 and 13.2 g of ammonium sulfate per 100 ml of the clear 
supernatant solution. The last fraction, which usually con- 
tained most of the transaldolase, was dissolved in 30 ml of 0.005 
M potassium phosphate buffer, pH 7.7, and was dialyzed with 
stirring at 2° overnight against 4 liters of 0.005 m phosphate 
buffer, pH 7.7. 

Step 6. Fractionation on DEAE-cellulose Column—The solu- 
tion containing about 300 mg of protein was placed on a 7- x 
5-em column of DEAE-cellulose? which had previously been 
equilibrated with 0.005 m phosphate buffer, pH 7.7. As the 
first eluent, 50 ml of 0.005 m phosphate buffer, pH 7.7, were used, 
and 10 ml fractions were collected. As the second eluent, 50 
ml of 0.05 m phosphate buffer, pH 7.7, were used; this eluted 
most of the enzyme. To every 10 ml of the active eluate, 6.91 ¢ 
of ammonium sulfate were added. The precipitate was dis- 
solved in a minimal amount of 0.005 m potassium phosphate 
buffer, pH 7.7, and was dialyzed against 3 liters of the same 
buffer. 

Step 7. Adsorption on Calcium Phosphate Gel—To 25 ml of 
the dialyzed enzyme solution (pooled from three preparations) 
containing 6 mg of protein per ml (with a specific activity of 3.0 


2 Brown Company, Berlin, New Hampshire. 
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TaBLeE I 
Summary of purification procedure 
Step | Fraction Volume = Protein — | Yield 
ml | mg/ml | % 
1 Crude extract.....| 1000 | 1420 | 23 0.048 | 100 
2 Acetone _ precipi- | 
Se ee 306 690 | 22 0.10 62 
3 | Supernatant solu- | | 
| tion, pH 5.0.....| 380 | 690) 16 | 0.11 | 62 
4 | Calcium-P gel elu- | 
a ee ee 300 280 | 1.7 | 0.562] 25 
5 Ammonium sulfate 
precipitate. ..... 43 200 | 5.2] 0.87 i ef 
6 DEAE-cellulose 
en a Pie 32 160 | 1.5] 3.3 14.7 
6a | DEAE-cellulose 
CUURNOE os sins: 25.2); 460} 6.2] 3.1 100 
7 Calcium-P gel elu- | 
Oe ee 40 170 | 0.37) 10.5 37 
8 CEFMEMIE 5... osc es 3.8} 100} 2.8 | 13.2t 21 























* Pooled from three preparations and concentrated by am- 
monium sulfate precipitation. 


+ After two recrystallizations the specific activity rose to 15.3. 


to 3.5 units per mg) 0.5 volume of calcium phosphate gel (20 mg 
per ml) was added, and the mixture was kept at 0° for 20 minutes. 
After centrifugation, the gel was successively eluted with 10 ml 
of 0.05, 0.075, 0.1, 0.15, 0.2, and 0.25 m phosphate buffer at pH 
7.7. The last three eluates usually contained most of the enzyme 
and were pooled. 

Step 8. Crystallization—For every 10 ml of eluate 6.95 g of 
solid recrystallized ammonium sulfate were added. The pre- 
cipitate was taken up in 0.005 m phosphate buffer, pH 7.7, and 
centrifuged. To the clear supernatant fluid a saturated solution 
of ammoniacal ammonium sulfate (pH 7.8) was added dropwise 
to slight turbidity. After standing at 0° overnight, the mixture 
of amorphous and crystalline precipitate was collected by centrif- 
ugation, dissolved in 0.005 m phosphate buffer, pH 7.7, and 
clarified by centrifugation. Solid ammonium sulfate was added 
to the supernatant solution until slight turbidity was obtained; 
the precipitate was immediately centrifuged off and discarded. 
Saturated ammonium sulfate solution, pH 7.8, was added to the 
supernatant solution to slight turbidity and crystallization re- 
peated as above. A summary of a typical purification is shown 
in Table I. 


RESULTS 


Effects of Cysteine on Direct Spectrophotometric Assay—In 
earlier work with transaldolase, an indirect assay system (17) 
was used, since considerably higher values were obtained than 
with the direct spectrophotometric assay. In this indirect assay, 
fructose-6-P formed by transaldolase was determined after de- 
proteinization, whereas in the direct assay, transaldolase activity 
was measured in a linked system with glucose-6-P isomerase, 
glucose-6-P dehydrogenase, and TPN. An examination of 
various modifications of the direct spectrophotometric assay 
revealed remarkable differences as shown in Table II. When 
sedoheptulose-7-P and glyceraldehyde-3-P were used with highly 
purified preparations of transaldolase (Assay III), very low rates 
were observed. When glyceraldehyde-3-P was regenerated 
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TABLE II 
Comparison of assays of transaldolase 

Assay I (with Transketolase as Substrate Regenerator)—The 
following reagents were added in a final volume of 1 ml to a mi- 
croquartz cell with a 10-mm light path: 25 umoles of glycylglycine 
buffer, pH 7.4; 0.05 ml of a solution containing 0.9 umole of xylu- 
lose-5-P and 1.2 wmoles of ribose-5-P; 0.5 umole of TPN; 0.2 umole 
of thiamine pyrophosphate; 2.0 wmoles of magnesium chloride; 
0.2 unit of transketolase; 0.05 unit of glucose-6-P isomerase; and 
0.1 unit of glucose-6-P dehydrogenase. The reaction was started 
by the addition of transaldolase. In this assay, a lag period of 
2 to 3 minutes was usually observed. 

Assay IT (with Aldolase as Substrate Regenerator)—This assay 
was used essentially as described by Horecker and Smyrniotis 
(7). The following reagents were added in a final volume of 1.0 
ml: 25 umoles of glycylglycine buffer, pH 7.4; 0.2 umole of TPN; 
0.5 umole of sedoheptulose-7-P; 1.0 umole of fructose 1,6-diphos- 
phate; 0.05 unit of glucose-6-P isomerase; 0.1 unit of glucose-6-P 
dehydrogenase; 0.2 unit of aldolase; and the enzyme to be tested. 

Assay ITI—This assay is essentially the same as Assay II ex- 
cept that glyceraldehyde-3-P was added as the acceptor instead 
of being generated by the action of aldolase on fructose 1,6-di- 
phosphate. 

Assay IV—The following reagents were added in a final volume 
of 1 ml: 25 umoles of glycylglycine buffer, pH 7.4; 0.1 ml of a solu- 
tion containing 1.8 wmoles of xylulose-5-P and 2.4 umoles of ri- 
bose-5-P; 0.2 unit of transketolase; 0.2 wmole of thiamine pyro- 
phosphate; 2.0 umoles of MgCl.; and the enzyme to be tested. 
After 15 minutes at 25°, the mixture was immersed in a boiling 
water bath for 3 minutes and centrifuged. The supernatant solu- 
tion was analyzed for fructose-6-P with glucose-6-P isomerase 
and glucose-6-P dehydrogenase. 

Assay V—This assay is based on the formation of glyceralde- 
hyde-3-P from fructose-6-P and erythrose-4-P in the reverse re- 
action. Glyceraldehyde-3-P is determined by the combined 
action of triose-P isomerase and a-glycerophosphate dehydro- 
genase. The reaction mixture contained in a total volume of 1 
ml: 25 umoles of glycylglycine buffer, pH 7.4; 0.5 umole of fructose- 
6-P; 0.5 umole of erythrose-4-P; 0.12 umole of DPNH; 20 ug of 
mixed crystals of triose-P isomerase and a-glycerophosphate de- 
hydrogenase, and the enzyme to be tested. 








Assay system Transaldolase 
| units/ml 
| pak er AOR PTO Ge SORES OED | 0.64 
|, SEER Ap gle paneer Diner get SOREN A Caen dene gct Atel | 0.29 
BN ee clea RNa Oe a er ole ie via ee 0.08 
III + 10 wmoles of cysteine............. | 0.35 
Be II 65a s.oiec sion sie nahn sla Reese 1.30 
1 GUUONE POMMUNOIN) .. . ooos.ccicgencssawesscaann cae | 1.22 





from fructose 1 ,6-diphosphate with aldolase, considerably higher 
rates were obtained (Assay II). When both glyceraldehyde-3-P 
and sedoheptulose-7-P were regenerated from xylulose-5-P and 
ribose-5-P with transketolase (Assay I), the values obtained ap- 
proached about one-half the rate with the indirect assay (Assay 
IV). The most reproducible values were obtained in the back 
reaction (Assay V) measuring the formation of glyceraldehyde- 
3-P from fructose-6-P and erythrose-4-P. Since availability of 
the latter substrate is rather limited, it was preferable to measure 
the forward reaction. Regeneration of glyceraldehyde-3-P from 
dihydroxyacetone-P with triose-P isomerase did not improve 
Assay III nor did various attempts to change the concentration 
of the substrates. However, addition of cysteine (10 to 20 mm) 
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Fig. 1. A. Inhibition of glucose-6-P isomerase by erythrose- 
4-P and release of inhibition by cysteine. In a final volume of 
1 ml, the following reagents were added to a microquartz cell with 
a 10-mm light path: Curve I, 25 umoles of glycylglycine buffer, pH 
7.4; 0.5 wmole of fructose-6-P; 0.1 unit of glucose-6-P dehydro- 
genase; 0.5 uymole of TPN; and 0.021 unit of glucose-6-P isomerase. 
Curve II contained all reagents, 0.25 umole of erythrose-4-P, and 
10 pmoles of neutralized cysteine. Curve III contained all the 
reagents and 0.25 umole of erythrose-4-P. At arrow, 10 umoles of 
neutralized cysteine were added. B. Inhibition of glucose-6-P 
isomerase by sedoheptulose-7-P and release of inhibition by cys- 
teine. In Curve I, the reagents were the same as in Fig. 1A but 
0.01 unit of glucose-6-P isomerase was used. Curve IJ contained 
all the reagents and 0.4 umole of sedoheptulose-7-P (S-7-P). At 
arrow, 10 ymoles of cysteine were added. 


markedly stimulated the reaction, as shown in Table II. Cys- 
teine had no effect on the indirect assay and inhibited over 85% 
of the back reaction (Assay V). It became apparent, therefore, 
that cysteine did not act directly on transaldolase, but by binding 
one of the intermediates, probably erythrose-4-P. It was re- 
ported recently that erythrose-4-P is a potent inhibitor of glu- 
cose-6-P isomerase (26). Since this enzyme was a participant 
in the spectrophotometric assay, its susceptibility to the various 
reagents in the system was examined. As shown in Fig. 1, both 
erythrose-4-P and sedoheptulose-7-P inhibited glucose-6-P isom- 
erase markedly, and the inhibition was reversed by cysteine. 
Mercaptoethanol or glutathione (10 mm) was equally effective. 
Glyceraldehyde-3-P did not inhibit glucose-6-P isomerase under 
the conditions of the test. The inhibition due to sedoheptulose- 
7-P was competitive with fructose-6-P, the K; value (determined 
by a Lineweaver-Burk plot) was 8.6 X 10-6 m. In contrast to 
the isomerase, glucose-6-P dehydrogenase was not inhibited by 
any of the reagents used in the transaldolase assay. That the 
low rates obtained in Assay III were due to an inhibition of glu- 
cose-6-P isomerase was also indicated by a considerable reversal 
of the inhibition by the addition of a 1000-fold excess of glucose- 
6-P isomerase. 

Transaldolase-catalyzed Formation of t-Sorbose-6-P with t-Glyc- 
eraldehyde-3-P as Acceptor Aldehyde—When fructose-6-P and 
L-glyceraldehyde-3-P were incubated with transaldolase, p-glyc- 
eraldehyde-3-P was formed, which was measured with DPN and 
glyceraldehyde-3-P dehydrogenase. No reduction of DPN oc- 
curred when either transaldolase or one of the substrates was 
omitted. In order to identify the second product of this reaction, 
a large-scale experiment was carried out. To a final volume of 5 


ml the following reagents were added: 16 wmoles of L-glyceralde- | 


hyde-3-P, 16 umoles of fructose-6-P, 2 umoles of DPN, 20 umoles 
of K-pyruvate, 16 units of glyceraldehyde-3-P dehydrogenase, 
16 units of lactate dehydrogenase, and 3.4 units of transaldolase. 
The pH was adjusted to 7.5. The mixture was incubated at 
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room temperature, and at various time intervals a small aliquot 
was removed for the determination of residual fructose-6-P. 
After 30 minutes, about 14 umoles of fructose-6-P had disap- 
peared and the reaction was allowed to proceed for another 30 
minutes. The whole mixture was then placed on a Dowex 1- 
formate column (15 X 1 em), the sugar phosphates were eluted 
by gradient elution with formic acid-formate buffer (0.2 n formic 
acid + 0.5 M ammonium formate), and 3 ml fractions were 
collected. The emergence of the new hexose sugar phosphate 
was determined with the anthrone reaction (19). The contents 
of tubes containing sugar phosphate were pooled, neutralized, 
and lyophilized three times, and finally taken up in 3.2 ml of 
water. This solution contained 9.9 wmoles of sorbose-6-P as 
measured enzymatically (see below) and 10.6 umoles of organic 
phosphate cleaved by acid potato phosphatase. For further 
identification, the new sugar phosphate was prepared with 20 
umoles of fructose-6-P-1-C“ (8 x 104 ¢.p.m. per umole) essen- 
tially as described above, except that an excess of L-glyceralde- 
hyde-3-P was used (30 wmoles) and the incubation period was 
extended to 2 hours in order to remove most of the fructose-6-P. 
After this period, 0.1 volume of 50% trichloroacetic acid was 
added, the denatured protein was centrifuged off, washed, and 
discarded. To the combined clear supernatant solutions, 0.2 
ml of 1 M barium acetate was added, the precipitate of barium 
sulfate was centrifuged off, washed with water, and then dis- 
carded. The pH of the combined solutions was adjusted to 6.8 
and the precipitate centrifuged off, washed, and discarded. To 
the clear, combined supernatant solutions, 4 volumes of absolute 
alcohol were added and the mixture was left at 2° overnight. 
The barium salt of the sugar phosphate was centrifuged down, 
washed successively with 80% ethanol and absolute ethanol, and 
finally dried in a vacuum. After conversion to the sodium salt 
with Dowex 50-Nat, the compound was incubated with 10 units 
of potato acid phosphatase at pH 5.2 for 1 hour. The protein 
was removed by heating for 3 minutes at 100°. After centrifuga- 
tion, the solution was passed through a mixed bed resin column 
made up of Dowex-50 H+ form and 1R4B-OH- and the column 
was washed until no more counts were eluted. The total volume 
collected was 15 ml, and contained 9.9 X 105 c.p.m. L-Sorbose 
(50 mg) was added and the solution was concentrated in a vac- 
uum. The residue was dissolved in 1 ml of warm ethanol (50% 

and 2 volumes of absolute ethanol were added. After 1 hour at 
0° the slight precipitate was centrifuged off and discarded. To 
the supernatant solution, 2 additional volumes of absolute 
ethanol were added and the mixture was kept at 0° overnight. 
The pale yellow precipitate was centrifuged, washed with ab- 
solute alcohol, and then dissolved in 2 ml of 50% ethanol. This 
solution was treated with 100 mg of acid-washed charcoal and 
filtered. The charcoal was washed with 2 ml of water and the 
combined solutions evaporated to dryness. The residue was 
taken up in 1 ml of 50% ethanol, and 4 ml of absolute alcohol 
were added and the sides of the tube scratched and kept in the 
cold room at 0° overnight. The white crystalline mass was 
centrifuged and washed with absolute alcohol. The crystals 
were dissolved in 50% ethanol and counted. Recrystallization 
was carried out three times with little change in the specific 
activity, as shown in Table III. The radioactive crystalline 
sorbose (11 mg) was treated with 200 mg of phenylhydrazine 
hydrochloride and 300 mg of sodium acetate and heated at 100° 
for 30 minutes. The crystalline osazone was centrifuged, washed 
with 10 ml of water, and dissolved in 5 ml of 95% ethanol. In 
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TaBLe III 

Recrystallization of radioactive sugar with carrier sorbose 
Fraction Total radioactivity | Specific activity 

c.p.m. c.p.m./mg 
CYUGE SOFDOBG ..... 6:6. ccc nesweledn 9.9 X 105 1.97 X 104 
PRTG GUMONIE is oie sci goes ole cues 4.35 & 105 1.64 X 104 
Second! erystala: ......2.. ancssves 3.0 X 105 1.6 X 104 
ORO CEYBUOEE S 0.006. 56.00-. 6 ee Sica 1.72 X 105 1.57 X 104 











the derivative, 45% of the total radioactivity was recovered. 
The osazone was placed on Whatman No. 1 paper, together with 
known osazones of sorbose and fructose, and the chromatogram 
was developed with butanol-acetic acid-water solvent. The 
radioactive osazone of the unknown sugar had the same Rr 
value as the osazone of sorbose. 

Reaction of Transaldolase with Sorbose-6-P—The isolated 
sorbose-6-P was shown to react in the presence of p-glyceralde- 
hyde-3-P and transaldolase to give rise to p-fructose-6-P which 
was measured with glucose-6-P dehydrogenase, glucose-6-P 
isomerase, and TPN. Chemically synthesized 1-sorbose-6-P 
(kindly supplied by Dr. H. A. Lardy) was also found to give 
rise to p-fructose-6-P under these conditions. 

Formaldehyde as Acceptor Aldehyde for Transaldolase—It was 
found that formaldehyde could act as an acceptor of the three- 
carbon moiety in transaldolase-catalyzed reactions as follows: 


Fructose-6-P + formaldehyde = 


1 
erythrulose + p-glyceraldehyde-3-P @) 


Sedoheptulose-7-P + formaldehyde = 2) 
erythrulose + p-erythrose-4-P m 
The rate of formation of erythrulose, as shown in Fig. 2, is only 
about 2% of the rate with erythrose-4-P as acceptor aldehyde. 
In order to demonstrate the formation of sedoheptulose-7-P from 
erythrulose and erythrose-4-P (Equation 2 in reverse), the fol- 
lowing were incubated for 60 minutes at 37° in a final volume of 
2.3 ml: 50 wmoles of glycylglycine buffer at pH 7.4, 0.555 umole 


fe) fe) = 
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Fig. 2. Formation of erythrulose from formaldehyde and fruc- 
tose-6-P catalyzed by transaldolase. The following reagents were 
added in a final volume of 1 ml: 25 umoles of glycylglycine buffer, 
pH 7.4; 1.5 umoles of fructose-6-P; 10 wmoles of formaldehyde, 1.8 
units of triose-P isomerase and 1 unit of transaldolase. The mix- 
ture was incubated at room temperature for various periods of 


time and the formation of tetrose was measured according to 
Dische and Dische (20). 
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Fig. 3. Quantitative enzymic determination of L-glyceralde- 
hyde-3-P, L-sorbose-6-P and p-fructose-6-P. A. Determination 
of p-fructose-6-P. The following reagents were added to a final 
volume of 1 ml: 25 umoles of glycylglycine buffer, pH 7.4; 0.38 
umole of L-glyceraldehyde-3-P; 0.65 ymole of DPN; 5 umoles of 
sodium arsenate; 1 unit of glyceraldehyde-3-P dehydrogenase; 
0.17 unit of transaldolase, and various concentrations of fructose- 
6-P. The horizontal broken lines indicate the amount of fructose- 
6-P added as determined with glucose-6-P dehydrogenase and glu- 
cose-6-P isomerase. B. Determination of L-sorbose-6-P. The 
following reagents were added in a final volume of 1 ml: 25 umoles 
of glycylglycine buffer; 1 wmole of p-glyceraldehyde-3-P; 0.5 
pmole of TPN; 0.08 unit of glucose-6-P isomerase; 0.1 unit of glu- 
cose-6-P dehydrogenase; various concentrations of sorbose-6-P; 
and 0.17 unit of transaldolase. The horizontal broken lines indi- 
cate the concentrations of sorbose-6-P added as determined by 
the amount of organic phosphate released on treatment with acid 
potato phosphatase. C. Determination of L-glyceraldehyde-3-P. 
This determination contained the same reagents as (A) except 
0.55 umole of p-fructose-6-P was added together with various con- 
centrations of L-glyceraldehyde-3-P. The horizontal broken lines 
indicate the concentration of L-glyceraldehyde-3-P added, deter- 
mined as alkaline-labile phosphate. 


of C-labeled erythrulose (2.58 x 104 c.p.m.), 1 umole of ery- 
throse-4-P, and 4.2 units of transaldolase. The mixture was 
then passed through a Dowex-1 formate column which was 
washed with water until no more radioactivity (due to free 
erythrulose) emerged. The sugar phosphate was then eluted 
with 1 NHCl. The radioactive eluate (14,000 c.p.m.) was placed 
in a desiccator next to a beaker with 10 ml of 10 N KOH and 
evaporated to dryness in a vacuum. Since the amount of sedo- 
heptulose-7-P formed was too small to allow direct identification, 
the sugar phosphate was dephosphorylated with acid potato 
phosphatase. After passage through a mixed bed resin column, 
the free sugar was chromatographed on paper with 70% acetone 
as solvent, together with sedoheptulose and fructose as standards. 
The radioactivity traveled with the same Ry as the standard 
sedoheptulose. 

Quantitative Determination of Transaldolase Substrates—Trans- 
aldolase has been used for the quantitative determination of 
p-fructose-6-P, .-sorbose-6-P, and t-glyceraldehyde-3-P, as 


shown in Fig. 3. The observed values correspond reasonably 
well with other independent determinations of these compounds. 

Effect of pH on Transaldolase Activity—The pH optimum of 
the reverse reaction (Assay V, Table II) was determined, but in 
order to avoid secondary effects of pH on the auxiliary enzymes, 
an excess beyond the usual amount of triose-P isomerase and 
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Fig. 4. The effect of pH on transaldolase activity. Assay V 
(Table II) was used except that 100 ug of triose-P isomerase and 
a-glycero-P dehydrogenase were added. 


TABLE IV 
Equilibrium constant of transaldolase-catalyzed reaction 

In a final volume of 1 ml, the following reagents were added: 
100 umoles of bicarbonate buffer, pH 7.4; 1.6 umoles of fructose- 
6-P; 1.68 umoles of erythrose-4-P; and 0.7 unit of transaldolase 
(specific activity, 10 units per mg). After incubation for 1 hour 
at 37°, 0.5 ml of 10% metaphosphoric acid was added and the mix- 
ture was centrifuged. The supernatant solution was adjusted to 
pH 7.0, and fructose-6-P, erythrose-4-P, sedoheptulose-7-P, and 
glyceraldehyde-3-P were determined as described previously (17). 
(sedoheptulose-7-P) (glyceraldehyde-3-P) 














ku * = 0.95 
} (fructose-6-P) (erythrose-4-P) ¥ 
Compound assayed Initial Final Difference 
: m umoles | moles pmoles 
eS ere 6 || Oa —0.83 
gt St re 1.68 0.74 | —0.94 
Sedoheptulose-7-P. sc btas 0.10 1.12 +1.02 
Glyceraldehyde-3-P. .. 0.16 0.965 | +0.805 





a-glycerophosphate dehydrogenase (100 ug) was added. Fig. 4 
shows a pH optimum between pH 7.4 and 8.0 for the formation of 
glyceraldehyde-3-P. 

Equilibrium Constant—The equilibrium constant was deter- 
mined for the reaction 


Fructose-6-P + erythrose-4-P = 


3 
sedoheptulose-7-P + glyceraldehyde-3-P @) 


The substrates were allowed to react with a large excess of 
transaldolase until equilibrium was reached. After deproteini- 
zation, the four components were determined by specific enzy- 
matic methods (17). As can be seen from Table IV, the equi- 
librium constant for Equation 3 was found to be close to unity 
in agreement with a previous estimate (7). 

Substrate Affinity—The Michaelis constants were estimated 
for the substrates of Equation 3 in the forward and reverse 
directions. The K,, values were calculated according to Line- 
weaver and Burk and are given in Table V. 


DISCUSSION 


- 


Substrate Specificitty—It is a frequent occurrence that the . 


availability of larger quantities of an enzyme permits demon- 
stration of a broader substrate specificity. Transaldolase was 
once thought to be specific for fructose-6-P and sedoheptulose- 
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7-P as donors and p-glyceraldehyde-3-P and p-erythrose-4-P 
as acceptors. Later, octulose-8-P (27) and free fructose (28) 
were shown to serve as donors and ribose-5-P and free glyceral- 
dehyde as acceptors. Two additional substrate pairs are now 
added, L-sorbose-6-P (29) and erythrulose as donors and L-glyc- 
eraldehyde-3-P and formaldehyde as acceptors. Although the 
reaction rate with some of these substrates is only a small frac- 
tion of the rate with the “physiological” substrates, it is suffi- 
ciently high to be useful for slow motion studies of enzyme 
mechanisms and for analytical purposes (30). 

It has been suggested that transketolase plays a role in the 
detoxification of formaldehyde (31).! Since transaldolase also 
reacts with this substrate, a similar role might be assigned to 
this enzyme. It is of interest to note that transaldolase would 
also be expected to contribute to the complex labeling pattern 
of glucose in rat tissues after the administration of C'*-labeled 
erythrulose (32). 

Pentose Phosphate Cycle Intermediates as Inhibitors—The 
puzzling discrepancy between the indirect and the direct spectro- 
photometric assays for transaldolase was traced to an inhibition 
of an auxiliary enzyme, glucose-6-P isomerase. Sedoheptulose- 
7-P, the substrate in the forward reaction, and erythrose-4-P, 
the product of transaldolase reaction, are both potent inhibitors 
of glucose-6-P isomerase. Even a 1000-fold excess of glucose- 
6-P isomerase gave values for transaldolase activity slightly 
below maximum. Cysteine, which has no effect on transaldo- 
lase as measured by the indirect test, enhances the direct assay, 
apparently by combining with the sugar phosphates that in- 
hibit glucose-6-P isomerase. An examination of the isomerase 
reaction itself revealed that cysteine and other SH compounds 
such as glutathione considerably counteracted the inhibition of 
glucose-6-P isomerase due to erythrose-4-P and sedoheptulose- 
7-P. In the reverse reaction, catalyzed by transaldolase with 
erythrose-4-P and fructose-6-P, cysteine acted as a potent in- 
hibitor. 

In addition to sedoheptulose-7-P, which was shown in this 
paper to be a potent inhibitor of glucose-6-P isomerase, two 
other intermediates of the pentose phosphate cycle, namely, 
6-P-gluconate (33) and erythrose-4-P (26), inhibit this glycolytic 
enzyme. In view of the very high affinity of these inhibitors 
for the isomerase, it is conceivable that they could act either 
singly or in combined action as regulators of glucose-6-P me- 
tabolism. As more glucose-6-P is diverted into the oxidation 
shunt pathway, more intermediates inhibitory to glycolysis 
should accumulate until the enzymes rather than the substrates 
of the pentose phosphate cycle limit the rate of the pathway. 
The presence of high intracellular glutathione may serve to 
counteract such a mechanism which would suppress the glyco- 
lytic pathway in favor of the pentose phosphate cycle. In cells 
in which TPNH oxidation is primarily dependent on molecular 
oxygen, the operation of the pentose phosphate cycle might 
result in a depression of aerobic lactate production, a manifesta- 
tion of the well known Pasteur effect. Potter and Niemeyer 
(34) have actually proposed that the inhibition of glucose-6-P 
isomerase by 6-P-gluconate may indeed contribute to the Pas- 
teur effect. There are, however, several facts which do not 
seem to favor this concept. Perhaps the most persuasive of 
these is the experimental observation that a Pasteur effect is 
observed in the presence of fructose, a substrate which does 


1 Dr. F. Dickens, personal communication. 
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TABLE V 
Affinity constants of various substrates of transaldolase 

System I—Conditions of assay same as Assay V in Table II 
except that the concentration of fructose-6-P was varied from 
0.05 to 0.5 umole. 

System IJ—Same as System I except that the concentration of 
fructose-6-P was kept constant (0.75 umole) and the concentration 
of erythrose-4-P was varied from 0.025 to 0.5 umole. 

System III—Conditions of assay same as Assay II, Table II, 
except that the concentration of fructose 1,6-diphosphate was 
kept constant (1.5 wmoles) and the concentration of sedoheptu- 
lose-7-P was varied from 0.05 to 0.52 pmole. 








System Substrate Cosubstrate Km of substrate 
I Fructose-6-P | Erythrose-4-P | 4.3 X 10-*m 
(0.005 ») | 
II | Erythrose-4-P | Fructose-6-P | 6.17 X 10-5 M 
| | (0.0075 a) | 
III | Sedoheptulose-| Fructose 1,6-diphos- | 1.7 X 10-4m 
7-P | phate (0.015 m) 





not depend on glucose-6-P isomerase for entrance into the 
Embden-Meyerhof pathway. On the other hand, it is conceiva- 
ble that these inhibitors may function as regulators of glycolysis 
under specific conditions. For example, during cell growth such 
a regulatory mechanism may permit more rapid functioning of 
the pentose phosphate cycle, thus providing for greater availa- 
bility of ribose-5-P for nucleic acid synthesis. 


SUMMARY 


1. The preparation of crystalline transaldolase from bakers’ 
yeast is described. 

2. Transaldolase can utilize L-sorbose 6-phosphate as donor 
of the dihydroxyacetone moiety, L-glyceraldehyde 3-phosphate 
as acceptor aldehyde. Erythrulose and formaldehyde also 
serve as donor and acceptor, respectively. Enzymatic methods 
for the determination of L-sorbose 6-phosphate and L-glyceralde- 
hyde 3-phosphate with transaldolase are presented. 

3. The pronounced inhibitory effect of sedoheptulose 7-phos- 
phate and erythrose 4-phosphate on glucose 6-phosphate isomer- 
ase is discussed with reference to transaldolase assays and to a 
possible regulatory mechanism of glucose 6-phosphate metabo- 
lism. 
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In the reaction catalyzed by transaldolase, the dihydroxyace- 
tone moiety of a donor keto sugar such as fructose 6-phosphate 
is transferred to an acceptor aldehyde such as erythrose 4-phos- 
phate (1). The formation of an “active dihydroxyacetone” as 
an intermediate in this transfer was postulated some time ago 
(2), and more recently the isolation of a dihydroxyacetone- 
transaldolase intermediate was reported in a preliminary com- 
munication (3). It is the purpose of this paper to describe this 
work in detail and to present evidence that the transaldolase- 
catalyzed reaction proceeds in two steps as shown: 


Donor (keto sugar) + transaldolase = 
dihydroxyacetone-transaldolase + aldehyde 


Dihydroxyacetone-transaldolase + acceptor (aldehyde) = (2) 


product (keto sugar) + transaldolase 


EXPERIMENTAL PROCEDURE 


Substrates—Lithium hydroxypyruvate was prepared from 
bromopyruvic acid according to Dickens and Williamson (4). 

Synthesis of C'-labeled Dihydroxyacetone—The preparation of 
dihydroxyacetone-1,3-C'* was based on the observation of 
Dickens and Williamson (5) that transketolase catalyzes the 
formation -of dihydroxyacetone from hydroxypyruvate and 
formaldehyde. Incubation was carried out with the following 
reagents in a final volume of 10 ml: 200 umoles of C'-labeled 
formaldehyde (1.05 x 10‘ c.p.m. per umole), 200 umoles of 
hydroxypyruvate, 4 ywmoles of thiamine pyrophosphate, 5 
umoles of MgCls, and 14 units of transketolase. The pH was 
adjusted to 7.4. After 120 minutes of incubation at room tem- 
perature, 86% of the hydroxypyruvate, as measured with DPNH 
and lactate dehydrogenase, had disappeared; the reaction was 
stopped by boiling for 3 minutes, and the denatured protein 
was removed by centrifugation. The supernatant solution was 
passed through a mixed bed resin column (5 X 0.8 cm) made 
up of equal amounts of IR4B OH- and Dowex 50-H*. The 
solution was then concentrated to a very small volume in a 
Rinco vacuum evaporator and applied as a streak on Whatman 
No. 3 paper (prewashed with dilute HNO; and ethylenediamine- 
tetraacetate). The ascending chromatogram was developed in 
phenol-water (4:1) for 18 hours. Two spots of standard dihy- 
droxyacetone were placed alongside as guiding marks. After 
development the guide strips were sprayed with aniline phthalate 


* This work has been supported in part by Research Grant No. 
C-3463 from the National Institutes of Health, United States 
Public Health Service. 


and heated at 100° for 5 minutes. There was only one radio- 
active region in the main chromatogram with the same Rr as 
dihydroxyacetone. This area was cut out and eluted with 
water. The eluate (7 ml) contained 12Q umoles of dihydroxy- 
acetone with a specific activity of 9.56 xX 10* c.p.m. per umole. 

Assay of Dihydroxyacetone—Glycerokinase (6) was used to 
phosphorylate dihydroxyacetone to dihydroxyacetone-P and 
the latter was converted by triose-P isomerase and aldolase into 
fructose 1,6-diphosphate. The following reagents were added 
in a final volume of 1 ml: 100 wmoles of Tris buffer, pH 7.4, 
0.1 to 1.5 umoles of dihydroxyacetone, 5 wmoles of neutralized 
ATP, 15 units of glycerokinase, 200 ug of triose-P isomerase, 
200 ug of aldolase, 10 umoles of MgCle, 5 umoles of potassium 
fluoride, and 20 umoles of cysteine. After 120 minutes at 37° 
the proteins were removed by heat denaturation and fructose 
1,6-diphosphate was assayed with aldolase and a-glycerophos- 
phate dehydrogenase containing triose-P isomerase. 

Preparation of C'-labeled Fructose-6-P—Uniformly C'*-labeled 
fructose-6-P with a specific activity of 1.6 to 2.0 « 10° c.p.m. 
per umole was prepared as described previously (7). 

Method of Counting Radioactivity—Measurements were made 
in a gas flow automatic counter (Nuclear-Chicago Corporation). 
Samples were dried on nickel planchets on a lens paper disk 
together with a drop of alcohol and 0.1 ml of 0.1% agar solution. 
The efficiency of counting was 15%. All values were expressed 
as counts per minute and were corrected for self-absorption. 

Paper Chromatography of Sugar Phosphates—The phosphoryl- 
ated sugars were separated by ascending paper chromatography 
with either Whatman No. 1 or No. 3 filter paper (washed with 
ethylenediaminetetraacetate) with ethanol-acetic acid - water 
(8:1:2) as developing solvent. 

Assay of Phosphorylated Sugars—Fructose 1,6-diphosphate, 
glyceraldehyde-3-P, and fructose-6-P were assayed enzymati- 
cally as described previously (8). 


RESULTS 


The first indication for the formation of a slightly dissociable 
dihydroxyacetone-transaldolase intermediate was obtained from 
measurements of isotope exchange between radioactive dihy- 
droxyacetone and nonisotopic fructose-6-P, in the presence of 
transaldolase. As shown in Table I, transaldolase catalyzes 
an exchange between C'-labeled dihydroxyacetone and fruc- 
tose-6-P. The incorporation of C into fructose-6-P increased 
with time. The radioactive fructose-6-P isolated after the 
exchange reaction was oxidatively decarboxylated essentially 
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TABLE I 
Exchange between C'4-labeled dihydroxyacetone and 
fructose-6-P catalyzed by transaldolase 

In a final volume of 1.25 ml, the following reagents were added: 
50 umoles of glycylglycine buffer, pH 7.4, 10 umoles of C'-labeled 
dihydroxyacetone (9.56 X 10% c.p.m. per umole), 11.3 wmoles of 
fructose-6-P, and 4.2 units of transaldolase (3.3 units per mg). 
Two such incubations were set up at room temperature, one for 
60 minutes and the other for 120 minutes. Fructose-6-P was 
separated from dihydroxyacetone by applying the mixture to a 
Dowex 1-formate column and eluting by gradient elution with 
100 ml of water in the mixing chamber and 250 ml of 0.5 m am- 
monium formate-0.2 m formic acid in the upper reservoir. Ali- 
quots (5.0 ml) were collected and the concentration of fructose- 
6-P was ascertained in a suitable dilution by enzymatic methods. 




















Radioactivity in | 
Time ) | Recovery of | Exchange 
Dihydroxyacetone | Fructose-6-P 

min c.p.m. | pmoles - % - 

0 9.56 X 10 | 0 } 11.3 

60 9.30 X 104 2.425 X 10? | 6.81 7.9 
120 9.10 X 104 4.055 X 10? | 5.68 16.0 

TABLE II 


Exchange between C'4-fructose-6-P and dihydroxyacetone 
catalyzed by transaldolase 

In a final volume of 2.2 ml, 50 units of transaldolase (specific 
activity, 10 units per mg) were incubated for 60 minutes at 25° 
with the following reagents: 125 uwmoles of glycylglycine buffer, 
pH 7.4, 10 umoles of dihydroxyacetone, and 1.2 wmoles of uni- 
formly C-labeled fructose-6-P with a specific activity of 2.0 x 
10® c.p.m. per umole. At the end of the incubation the enzyme 
was removed by heat denaturation. After centrifugation, the 
clear supernatant solution was placed on a Dowex 1-acetate col- 
umn (7 X lem). After washing with water until no more counts 
emerged, the sugar phosphate was eluted with 2 Nn HCl. 





Radioactivity in | 








Time | Exchange 
Dihydroxyacetone Fructose-6-P 
min c.p.m. | % 
0 0 | 2.4 X 108 
60 2.85 X 105 1.96 X 108 13.6 





as described by Couri and Racker (9). Radioactivity recovered 
in the COs corresponded to 42% of the total, whereas 52% was 
recovered in the main compartment containing the pentose-P. 

Incubation of uniformly labeled fructose-6-P with nonradio- 
active dihydroxyacetone resulted in the formation of radioactive 
dihydroxyacetone, as shown in Table IT. 

Synthesis of Fructose-6-P from Dihydroxyacetone and d-Glyc- 
eraldehyde-3-P Catalyzed by Transaldolase—The experiments 
described above, which demonstrate an exchange reaction be- 
tween free dihydroxyacetone and fructose-6-P catalyzed by 
transaldolase, indicate that the dihydroxyacetone-transaldolase 
intermediate is slightly dissociable, and suggest the possibility 
of a net synthesis of fructose-6-P from dihydroxyacetone and 
p-glyceraldehyde-3-P. To test this, an experiment was set up 
with C™-labeled dihydroxyacetone and nonradioactive glyceral- 
dehyde-3-P. As can be seen from Table III, in the presence of 
transaldolase (Experiment 1) a radioactive compound was 


Mechanism of Action of Transaldolase. II 


Vol. 236, No. 7 


TaB_e III 
Synthesis of fructose-6-P from dihydroxyacetone and 
glyceraldehyde-3-P catalyzed by transaldolase 

Experiment 1—The following reagents were incubated for 120 
minutes at 25° in a final volume of 1.6 ml: 50 umoles of glycyl- 
glycine buffer, pH 7.4, 9.5 umoles of dihydroxyacetone-C™ (9.56 X 
10° ¢.p.m. per umole), 12 wmoles of glyceraldehyde-3-P, and 16 
units of transaldolase (6.5 units per mg). 

Experiment 2—As in Experiment 1, but instead of glyceralde- 
hyde-3-P, 16 umoles of fructose-6-P were added. 

Experiment 3—As in Experiment 1, but transaldolase was 
omitted. At the end of the incubation period, the contents were 
placed on separate Dowex 1-acetate columns (5 X lem). After 
washing with water until no more counts appeared, 20 ml of 1 N 
HCl were passed through the column to elute fructose-6-P. 











Experiment 
Fraction 
1 | 2 | 3 
Water wash.................... 74,910 | 77,110 | 79,900 
Acid wash.. si iaeg Wits 1,953 | 6,062 0 
Acid wash fraction after paper | | 
chromatography.............. | 1,346 | | 0 





formed which was retained by the anion exchange resin and 
eluted with HCl. In the control without enzyme (Experiment 
3) no counts were recovered in this fraction, whereas in the 
exchange reaction with fructose-6-P (Experiment 2) about 3 
times as much radioactivity was obtained in the HCl eluate. 
The HCl eluate (Experiment 1) was analyzed by paper chroma- 
tography. Most of the counts (1346 c.p.m.) were recovered 
from the fructose-6-P region. 

Isolation of Dihydroxyacetone-Transaldolase Intermediate—The 
use of ion exchange agents for the isolation of an enzyme-sub- 
strate intermediate has considerable advantages, provided an 
adsorbing agent can be found that selectively retains either the 
enzyme or the substrate but not both. For transaldolase such 
a reagent was found in carboxymethy] cellulose,! which retained 
the enzyme or the enzyme-substrate intermediate, whereas 
fructose-6-P was completely removed by washing with water. 
The enzyme-substrate intermediate was eluted with 0.2 m phos- 
phate buffer, pH 7.7. The separation of the radioactive dihy- 
droxyacetone-transaldolase intermediate from excess C'4-labeled 
fructose-6-P is shown in Fig. 1. In this experiment, 77% of 
the transaldolase activity was recovered from the carboxymethyl 
cellulose column and 10,200 ¢.p.m. accompanied the enzyme. 
In a control experiment without transaldolase no counts ap- 
peared in the phosphate eluates. 

Characterization of Dihydroxyacetone-Transaldolase Intermedi- 
ate—In order to-demonstrate that the enzyme carries the dihy- 
droxyacetone moiety and is capable of transferring it to a suit- 
able acceptor aldehyde, the following experiment was carried 
out. The radioactive enzyme-substrate intermediate (10,200 
¢.p.m.) was divided into two equal (5-ml) portions. One portion 
(Experiment 1) was left untreated, and 2 umoles of p-glyceralde- 
hyde-3-P were added to the second portion (Experiment 2). 
After 30 minutes at room temperature, 0.5 ml of 10% perchloric 
acid was added to both tubes, the precipitates were centrifuged 
off, and the supernatant solutions were neutralized with 1 N 
KOH. The precipitate of potassium perchlorate was centri- 


1 Obtained from the Brown Company, Berlin, New Hampshire. 
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Fig. 1. Isolation of dihydroxyacetone-transaldolase interme- 
diate. In a total volume of 1.5 ml, the following reagents were 
added: 2 umoles of uniformly C'‘-labeled fructose-6-P with a spe- 
cific activity of 2.0 X 10° ¢.p.m. per umole, and 20 units of trans- 
aldolase with a specific activity of 5.5 units per mg. The pH was 
adjusted to 7.4. After 20 minutes of incubation at 25°, the mix- 
ture was placed on a 0.8- X 7-cm carboxymethyl cellulose column 
previously equilibrated with 0.005 m potassium phosphate buffer, 
pH 6.0. The column was washed with 40 ml of water and 5 ml 
aliquots were collected. Most of the counts appeared in the first 
two tubes, none in the last. The enzyme was then eluted with 25 
ml of 0.1 m potassium phosphate buffer, pH 7.7. Radioactivity 
(——) and transaldolase activity (-—-—-) are recorded. 


fuged off and washed with 1 ml of water. The combined wash- 
ing and supernatant solution from each experiment was passed 
through separate columns of Dowex 1-formate. After extensive 
washing with water, the sugar phosphate was eluted with 10 
ml of 2 n HCl. 

It can be seen from Fig. 2 that when the isolated enzyme-sub- 
strate intermediate was deproteinized in the absence of an ac- 
ceptor aldehyde (Experiment 1), most of the counts were re- 
covered in the first eluates of the Dowex 1-formate column 
(water wash). However, some radioactivity was always re- 
covered by washing the column with HCl. After incubation of 
the enzyme-substrate intermediate in the presence of glyceralde- 
hyde-3-P (Experiment 2), much less radioactivity appeared in 
the water wash and 67% of the counts appeared in the HCl 
eluate, thus indicating a transfer of the dihydroxyacetone moiety 
to the phosphorylated acceptor aldehyde. The appearance of 
some radioactivity in the HCl eluate of Experiment 1 indicates 
the presence of traces of fructose-6-P in the transaldolase prepa- 
ration that was eluted from carboxymethyl] cellulose. Since in 
control experiments no retention of fructose-6-P on the ion 
exchange agent could be observed, it is probable that transaldo- 
lase retains some fructose-6-P after adsorption to the cellulose. 
However, the amount of substrate thus held back represents 
only about 0.01% of the original fructose-6-P added. 

Identification of Dihydroxyacetone and Fructose-6-P—To estab- 
lish the identity of the presumed dihydroxyacetone in the radio- 
active water wash (Experiment 1) and the fructose-6-P in the 
HCl eluate (Experiment 2) the following experiments were 
carried out. The radioactive water wash was concentrated to 
a small volume in a Rinco vacuum evaporator. After addition 
of 5 umoles of nonisotopic dihydroxyacetone, the compound 
was converted to fructose 1,6-diphosphate as described under 
“Experimental Procedure.” In a final volume of 1 ml, the 


ie) 2 as 6 8 0 2 4 6 8 
TUBE NUMBER TUBE NUMBER 
Fie. 2. Characterization of dihydroxyacetone-transaldolase in- 
termediate. Experiment 1 (left). Chromatography on Dowex 
1-formate of denatured substrate-enzyme intermediate. Experi- 
ment 2 (right). Chromatography after incubation with glycer- 


aldehyde-3-P. At arrow, 10 ml of 2 N HCl were passed through the 
column. 


mixture was incubated at 37° for 2 hours and deproteinized with 
5% trichloroacetic acid. Barium acetate (200 umoles) was 
added, and the barium sulfate was removed by centrifugation 
and washed with 1 ml of water. The pH of the combined solu- 
tions was adjusted to 6.8 by the careful addition of 1 n NaOH 
and the precipitate was collected by centrifugation. After 
addition of 1 volume of ethanol to the supernatant solution, the 
mixture was chilled and a small second precipitate was collected 
by centrifugation. The clear supernatant solution, which had 
negligible radioactivity, was discarded. Both precipitates were 
dissolved in a minimal amount of water to which a drop of 1 N 
HCl was added. The combined solutions were passed through 
a small Dowex 50-Na*+ column, concentrated to a small volume, 
and streaked on Whatman No. 3 filter paper along with known 
samples of dihydroxyacetone, fructose-6-P, fructose 1 ,6-diphos- 
phate, and dihydroxyacetone-P. After development of the 
chromatogram, the guide strips were sprayed with either aniline 
phthalate or acid molybdate and the regions in the main chro- 
matogram corresponding to fructose 1 ,6-diphosphate, fructose- 




















TABLE IV 
Characterization of radioactive fractions 
. | specific activity* 
Fraction umoles berm Sma awa 
per per 
| umole | carbon 
c.p.m, | 
A. Dihydroxyacetone 
Water WARM... ..00065055 er 4.16 X 10° | 830 | 276 
After conversion to fructose 
1,6-diphosphate............ 1.45 | 2.26 X 10% | 1570 | 261 
B. Fructose-6-P 
BTC CRIGNS..... 5.56 san ccedauw Ss 5* 2.39 X 105 478 
After paper chromatog- 
Fee REAGAN 4 1.9 X 103 | 475 
After conversion to fructose 
1,6-diphosphate............ 2.9 | 1.36 X 103 | 470 | 





* After addition of carrier. 
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6-P, and dihydroxyacetone-P were cut out and eluted with 
water. Most of the counts were recovered in the position corre- 
sponding to fructose 1,6-diphosphate. As shown in Table IV 
(A) the specific activity of the dihydroxyacetone was 830 ¢c.p.m. 
per umole or 276 c.p.m. per carbon atom, and the specific ac- 
tivity of the recovered fructose diphosphate was 1570 c.p.m. 
per umole or 261 ¢.p.m. per carbon atom. The results therefore 
show that the compound released by denaturation of the en- 
zyme-substrate intermediate is dihydroxyacetone. 

The compound in the HCl eluate of Experiment 2 was charac- 
terized as follows. After removal of HCl in a vacuum desic- 
cator in the presence of 10 N KOH, 5 umoles of fructose-6-P 
were added, and the entire solution (containing 2390 c.p.m.) 
was streaked on a Whatman No. 3 filter paper along with stand- 
ard fructose-6-P. After the development of the chromatogram 
(cf. “Experimental Procedure”) the strips corresponding to 
fructose-6-P were cut out and eluted with water. This fraction 
(1900 c.p.m.) was converted into fructose 1,6-diphosphate in a 
final volume of 2.0 ml by the addition of 5 umoles of MgCl, 
6umoles of neutralized ATP, and 3.4 units of phosphofructo- 
kinase. After 60 minutes at 37° and pH 7.4, about 4 umoles 
of fructose diphosphate were formed. The incubation mixture 
was deproteinized by heating at 100° for 3 minutes and clarified 
by centrifugation. The supernatant solution was concentrated 
to a small volume in a vacuum and applied to Whatman No. 3 
filter paper along with fructose-6-P and fructose 1 ,6-diphosphate 
as standards. After development, the areas corresponding to 
fructose-6-P and fructose 1,6-diphosphate were cut out and 
eluted with water. It can be seen from Table IV (B) that the 
radioactive compound in the HCl eluate had been converted 
by phosphofructokinase to fructose 1,6-diphosphate with the 
same specific radioactivity as the fructose-6-P. 


DISCUSSION 


The transfer reaction catalyzed by transaldolase proceeds in 
two steps. The first step consists of the transfer of a dihydroxy- 
acetone group from a donor substrate to the enzyme, resulting 
in the formation of a slightly dissociable dihydroxyacetone-en- 
zyme intermediate. In the second step the dihydroxyacetone 
moiety is transferred to an acceptor aldehyde to form a new 
keto sugar. The dihydroxyacetone-enzyme intermediate can 
be isolated from a carboxymethy] cellulose column which retains 
the enzyme but not the phosphorylated donor substrate. A 
calculation reveals that under the experimental conditions 
about 0.7 mole of dihydroxyacetone was bound per 100,000 g of 
transaldolase.2 However, in view of the relatively low concen- 
tration of C-labeled fructose-6-P used as donor in these experi- 
ments, this must be considered a minimal value. On the other 


2 Ultracentrifugation experiments were carried out by Drs. 
Jo-Yun Chen and R. C. Warner with three times recrystallized 
transaldolase. Sedimentation in 0.05 m potassium phosphate 
buffer at pH 7.7 showed the presence of a major component as 
$20.0 = 4.2 S representing about 80% of the protein and two minor 
components. The average molecular weight determined by the 
Archibald method was 66,000. 
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hand, the true ratio may not be much larger than estimated 
above, in view of the relative stability of the dihydroxyacetone- 
enzyme intermediate. The low order of dissociation might also 
help to explain previous failures to detect an exchange between 
free dihydroxyacetone and C'*-labeled donor substrate (1). 
The method employed in the latter experiments, namely, detec- 
tion of isotope dilution in C-labeled sedoheptulose-7-P by 
nonisotopic dihydroxyacetone, is far less sensitive than measure- 
ments of the appearance of radioactive dihydroxyacetone stud- 
ied in the present work. On the other hand, the possibility 
that transaldolase from other sources may bind dihydroxyace- 
tone even more firmly should not be dismissed. 

Since dihydroxyacetone is a symmetrical molecule, the ex- 
change reaction described in the present communication should 
result in a randomization of label in carbon atoms 1 and 3 of 
hexose. Although the rate of exchange is exceedingly slow, it 
may contribute significantly to the randomization of radioac- 
tivity in the hexoses of cells rich in transaldolase. In contrast 
to the carbons of dihydroxyacetone, the hydrogens attached to 
carbon 3 of fructose-6-P appear to react stereospecifically,? as in 
the case of the carbon-3 hydrogens of fructose 1 ,6-diphosphate 
in the aldolase-catalyzed reaction (10). 


SUMMARY 


1. Transaldolase catalyzes an exchange reaction between 
C-labeled dihydroxyacetone and fructose 6-phosphate. An 
exchange reaction between C-labeled fructose 6-phosphate and 
dihydroxyacetone was also observed. 

2. The isolation of a dihydroxyacetone-transaldolase inter- 
mediate on a carboxymethyl cellulose column is described. This 
intermediate is capable of transferring the dihydroxyacetone 
moiety to an acceptor aldehyde. The substrate-enzyme inter- 
mediate releases free dihydroxyacetone on denaturation of the 
protein. 
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The glucose analogue, 2-deoxy-p-glucose, has been found to 
inhibit glycolysis and the growth of yeast (1, 2) and various 
animal tissues (3-7). It is phosphorylated by hexokinase (8), 
but is not believed to be further metabolized. Wick et al. (9) 
have reported that deoxyglucose 6-phosphate competitively in- 
hibits the conversion of glucose 6-phosphate to fructose 6-phos- 
phate by a purified phosphohexose isomerase from kidney. 
Recently Kipnis and Cori (10) have presented evidence that 
deoxyglucose 6-phosphate noncompetitively blocks the transport 
of glucose. It has also been suggested that the phosphate in- 
hibits glycolysis at the hexokinase level (9). 

The experiments described in this paper show that deoxy- 
glucose inhibits the growth of human cell cultures by inhibiting 
the utilization of glucose. They also indicate the sites of in- 
hibition of glucose utilization in the glycolytic and oxidative 
pathways. The implications of these findings on the possible 
mode of action of deoxyglucose are discussed. 


EXPERIMENTAL PROCEDURE 


Two human cell lines were used in the present studies, the 
HeLa, derived from a human carcinoma, and a culture of in- 
testine from normal embryonic human tissue. The cells were 
grown both in monolayers, adherent to glass, and in suspension. 
The composition of the medium for the stationary cultures has 
been described previously (11) as have methods for cultivation 
and assay of growth (12). The growth in suspension was carried 
out as described by McLimans et al. (13), with the use of Eagle’s 
basal medium (18) supplemented with 5% dialyzed human 
serum. 

Preparation of Cell-free Extracts—Cells grown in suspension 
were collected by centrifugation, washed two times with Krebs- 
Ringer salt solution, resuspended in 4 volumes of cold distilled 
water, and disrupted by sonic vibration in a 10-ke oscillator at 
2 to 5° for 10 to 15 minutes. Cellular debris was removed by 
centrifugation at 20,000 x g at 4° for 15 minutes. The result- 
ing cell-free extracts contained from 5 to 10 mg of protein per ml 
as measured by a modification of the colorimetric method of 
Lowry (12). For assays of hexokinase activity the uncentrifuged 
crude extract was employed. 

Analytical Methods—The procedures for measurement of 
growth, residual carbohydrate, and the amount of lactic acid 
produced have been previously described (14). Deoxyglucose 
was measured by the colorimetric method of Ball and Sanders 


* Presented in part at the 44th Annual Meeting of the Society 
of Biological Chemists, Chicago, Illinois, 1960. 


with phenylhydrazine reagent.!. The other sugars employed did 
not interfere in this test. Glucose was analyzed by the method 
of Park and Johnson (15). In mixtures of a natural sugar, e.g. 
glucose and deoxyglucose, the sugar concentration was taken as 
the difference between the total reducing sugar and the inde- 
pendently assayed deoxyglucose, it having been established that 
the two sugars were additive in the colorimetric method em- 
ployed. Orthophosphate was estimated by the method of Fiske 
and SubbaRow (16). 

Enzymatic Assays—Hexokinase activity in the crude extracts 
was measured by (a) the disappearance of sugar in aliquots of the 
reaction mixture after precipitation of protein and phosphoryl- 
ated sugars with Ba(OH). and ZnSO, (17), and (6) the decrease 
in acid-labile phosphate in aliquots of the reaction mixture (8). 
Glucose 6-phosphate dehydrogenase, phosphogluconate dehy- 
drogenase, lactic dehydrogenase, and isocitric dehydrogenase 
were measured by direct spectrophotometric assays. 

Phosphorylated carbohydrate intermediates were isolated 
from the acid-soluble pool, after removal of nucleotides with 
charcoal (19), by precipitation with barium acetate (1 m) and 4 
volumes of ethanol overnight at 4°. The dried barium precip- 
itates were dissolved in 0.1 N HCl and converted to the potassium 
salts by addition of K,SO,; (1 m). Chromatographic separation 
of the compounds was carried out with n-amyl acetate-glacial 
acetic acid-water (3:3:1) as solvent for 48 to 72 hours on What- 
man No. 1 paper. The hexose phosphates were identified by 
internal standards. 

Materials—Deoxyglucose was obtained from the Aldrich 
Chemical Company; deoxyglucose-6-P, TPN, DPN, and glu- 
cose-6-P from the Sigma Chemical Company; fructose-6-P and 
purified glucose 6-phosphate dehydrogenase from C. F. Boeh- 
ringer and Sons, Germany. Glucose, fructose, and mannose were 
obtained from the Nutritional Biochemicals Corporation. The 
purity of the compounds was checked chromatographically. 


RESULTS 


Effects on Growth—At equimolar concentrations of deoxy- 
glucose and glucose (5 mM), growth of both cell lines was mark- 
edly inhibited (Fig. 1) with microscopically visible effects after 
the second and third day. As shown in Fig. 2, glucose utiliza- 
tion and lactic acid production were inhibited concomitantly. 
Deoxyglucose did not, however, irreversibly destroy the ability 
of the cells to multiply. Even after 2 and 3 days of contact 
with the inhibitor, growth was restored simply by washing the 


1H. A. Ball and G. R. Sanders, personal communication. 
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Fig. 1. The inhibitory effect of 2-deoxyglucose on the growth 
of HeLa cell cultures. ~---, growth in the presence of equi- 
molar (5 mM) concentrations of glucose and deoxyglucose. At 
the indicated times (arrows) the deoxyglucose containing medium 
was removed, the cells washed with balanced salt solution, and 
replaced with deoxyglucose-free medium. 
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Fig. 2. The effect of 2-deoxyglucose on growth, glucose utiliza- 
tion, and lactic acid formation of suspension cultures of HeLa 
cells. O, A, O, cultures growing in the presence of equimolar 
concentrations of glucose and deoxyglucose (5 mM); @, A, MH cul- 
tures growing on glucose (5 mm), no deoxyglucose. 
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cells free of deoxyglucose and replacing with complete growth 
medium. However, if the cells were allowed to remain in the 
deoxyglucose medium for more than 3 days, the cytopathogenic 
effects were no longer reversible. No growth was then obtained 
after transfer to deoxyglucose-free medium, and the cells de- 
generated. 

Since these cell cultures could be grown on carbohydrates 
other than glucose (14), the effects of deoxyglucose were studied 
in cell cultures grown on mannose and fructose. The results 
with mannose-grown cells were similar to those obtained with 
glucose-grown cells. In contrast, cells grown on fructose were 
5 to 10 times more sensitive to the inhibitory effects of deoxy- 
glucose as measured by the effective concentrations. 

As shown by Cramer and Woodward (1), the growth inhibitory 
effect of deoxyglucose could be competitively reversed by addi- 
tional substrate, either glucose or mannose. However, fruc- 
tose-grown cells required 5 to 10 times more fructose than either 
glucose or mannose to reverse the inhibitory effect of deoxy- 
glucose. 

The finding that deoxyglucose is phosphorylated to deoxy- 
glucose-6-P by yeast hexokinase (1) was confirmed for the HeLa 
and intestine cell cultures. The ester also inhibited HeLa cell 
growth, although it was not as active as deoxyglucose itself 
(Fig. 3). This difference may reflect a decreased rate of trans- 
port of the phosphorylated compound; alternatively, the rate of 
dephosphorylation before transport may be limiting. Glucose- 
6-P was not as effective as glucose in reversing the inhibitory 
effects of deoxyglucose-6-P. When the inhibited cells were 
placed in a medium containing glucose-6-P, there was a 3-day 
lag before growth was resumed, as contrasted with the immedi- 
ate resumption of growth when cells were placed in a glucose- 
containing medium. 

Since deoxyglucose-6-P has been implicated as a metabolic 
inhibitor of hexose transport and phosphohexoseisomerase (9), 
its effect was also examined in HeLa cell-free extracts. 





| I T T T U ! 


1600 + 4 
| 
1400+ 









1200+ 
1000 + 


800}- 


Y PROTEIN 


600 - 
400+ 


200+ 





Kl 
iad 


n 
+1 


TIME IN DAYS 

Fig. 3. The effects of 2-deoxyglucose and deoxyglucose 6-P on 
the growth of HeLa cell culture grown on glucose or glucose-6-P. 
Curve I, glucose; Curve II, glucose and deoxyglucose; Curve III, 
glucose and deoxyglucose-6-P; Curve IV, glucose-6-P; Curve V, 
glucose-6-P and deoxyglucose. The concentration of substrates 
and inhibitor was 5 mm either singly or in combination. At 
arrow, medium V was replaced with glucose-6-P alone. 
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Effect of Deoxyglucose and Deoxyglucose-6-P on HeLa Hexo- 
kinase—Although it has been suggested that deoxyglucose or 
deoxyglucose-6-P inhibits hexokinase (9), this was not observed 
in HeLa cells even at a molar ratio of inhibitor to glucose of 
10:1. In contrast, deoxyglucose actively inhibited the phos- 
phorylation of fructose (Table I). These results suggest that 
deoxyglucose competes successfully with fructose for the active 
sites on HeLa cell hexokinase, a nonspecific hexokinase, but not 
with glucose. It is important to note that although deoxyglu- 
cose did not inhibit glucose phosphorylation, the latter inhibited 
the phosphorylation of deoxyglucose. 

When HeLa extracts were incubated with fructose-6-P, it was 
found that deoxyglucose-6-P inhibited the reduction of TPN in 
the spectrophotometric assay. Since the extracts contained 
phosphohexoseisomerase, glucose-6-P dehydrogenase, and 6-phos- 
phogluconic dehydrogenase, it was not possible to delineate the 
step or steps which deoxyglucose-6-P was inhibiting. The vari- 
ous reactions were therefore examined independently. 

Effect of Deoxyglucose-6-P on Phosphohexoseisomerase—In an 
assay system based on the disappearance of fructose-6-P (25) it 
was found that deoxyglucose-6-P inhibited the formation of 
glucose-6-P by HeLa enzymatic preparations. At a ratio of 
deoxyglucose-6-P to fructose-6-P of 1:1 and 2:1, the degree of 
inhibition was, respectively, 38 and 64%. 

Effect of Deoxyglucose-6-P on Glucose-6-P Dehydrogenase—As 
shown in Fig. 4, deoxyglucose-6-P inhibited the conversion of 
glucose-6-P to 6-phosphogluconate, as measured by its effect on 
TPN reduction. That the inhibitory effect observed was not 
on the subsequent TPN-dependent reaction, 6-phosphogluconic 
dehydrogenase, was shown by the lack of effect of deoxyglucose- 
6-P when 6-phosphogluconate was the substrate. Deoxyglucose 
had no effect unless the extracts were preincubated with it before 
the assay, 7.e. presumably until it was phosphorylated. For 
reasons which are not yet clear, preincubation of enzyme prep- 
arations with deoxyglucose-6-P for periods up to } hour en- 
hanced the inhibitory effects. The inhibition of glucose-6-P 
dehydrogenase was not competitive. At a given deoxyglucose- 
6-P concentration, the inhibition of TPN reduction was only 
partially reversed with increased concentration of substrate or 
TPN. 

It is of interest that deoxyglucose-6-P also inhibited a purified 
preparation of glucose 6-phosphate dehydrogenase from yeast. 
However, the inhibition in this instance was only 60% of that 
obtained with the HeLa enzyme preparation under the same 
conditions. 

Miscellaneous Effects—Contrary to previous reports (8-10), 
deoxyglucose-6-P was itself oxidized by the HeLa extracts, al- 


TABLE I 
Inhibition of HeLa fructokinase by 2-deoxy-p-glucose 
The reaction mixture contained 10 umoles of fructose, 20 nmoles 
of ATP, 10 umoles of MgCls, 25 wmoles of Tris buffer pH 7.7, 50 
umoles of NaF, and enzyme containing 12 mg of protein in a total 
volume of 3ml. Incubation at 37° for 2 hours with shaking. As- 
says are described in text. 
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Fia. 4. The effect of 2-deoxyglucose 6-P on HeLa glucose-6-P 
dehydrogenase. The reaction mixture in 1-ml cuvettes contained: 
glucose-6-P, 0.5 umole; TPN, 0.5 umole; MgCle, 5 umoles; glycyl- 
glycine buffer, pH 7.6, 38 umoles; HeLa enzyme; H:O to volume; 
and deoxyglucose-6-P as indicated. Curve I, control, no deoxy- 
glucose-6-P; Curve IT, deoxyglucose-6-P, 0.5 umole; Curve III, 
deoxyglucose-6-P, 1.0 umole; Curve IV, deoxyglucose-6-P, 5.0 
umoles; Curve V, no glucose-6-P, deoxyglucose-6-P, 1.0 umole. 


though at a much slower rate than glucose-6-P (cf. Fig. 4). This 
oxidation was specifically dependent on TPN, and DPN had no 
effect. Studies are in progress to determine the metabolic prod- 
ucts of this oxidation. That deoxyglucose-6-P did not generally 
inhibit TPN-dependent enzymatic reactions was evidenced by 
the fact that it had no effect on the isocitric dehydrogenase and 
6-phosphogluconic dehydrogenase reactions. In addition, de- 
oxyglucose or deoxyglucose-6-P had no effect on the lactic de- 
hydrogenase reaction. 


DISCUSSION 


In mammalian cell cultures, deoxyglucose and deoxyglucose- 
6-P act at various loci in the inhibition of carbohydrate metab- 
olism and of growth. The present results are at variance with 
the hypothesis that deoxyglucose competes with glucose in the 
hexokinase reactions (9). At molar ratios of deoxyglucose and 
deoxyglucose-6-P to glucose of 10:1, neither compound inhibited 
phosphorylation of glucose. Kipnis and Cori (10) were also 
unable to inhibit glucose phosphorylation by rat muscle hexo- 
kinase with deoxyglucose-6-P. In contrast, the phosphorylation 
of fructose was inhibited by deoxyglucose. These results would 
be expected, since glucose has a greater affinity for hexokinase 
than does deoxyglucose, and fructose a lesser affinity (8). 

In confirmation of Wick et al., deoxyglucose-6-P acts by block- 
ing the phosphohexoseisomerase reaction in the reverse direction 
(9). The present data further indicate that the forward reaction, 
fructose-6-P to glucose-6-P, is also inhibited. The latter effect, 
since the equilibrium of the reaction is in the forward direction, 
would clearly contribute to the inhibitory effect of deoxyglucose 
on cell metabolism. 

The finding that deoxyglucose-6-P can directly affect the 
glucose-6-P dehydrogenase reaction in mammalian cells, in con- 
trast to the enzyme of Leuconostoc mesenteroides (21), provides 
another possible mechanism for its inhibitory effect on carbo- 
hydrate metabolism. There is now ample evidence that in HeLa 
cells, a significant although not major portion of glucose is oxi- 
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dized via the hexose monophosphate shunt.2 Hiatt (20) has 
recently shown that nucleic acid ribose produced by the HeLa 
cell is synthesized in part by the oxidative pathway. The find- 
ing that glucose-6-P accumulates in cultures growing in the 
presence of deoxyglucose is in accord with the hypothesis of a 
block in the oxidation of glucose-6-P. 

Kipnis and Cori (10) and Helmreich and Eisen (22) found 
that deoxyglucose, once it had entered the cell and had been 
phosphorylated to deoxyglucose-6-P, noncompetitively inhibited 
the transport of glucose, mannose, fructose, and deoxyglucose, 
whereas external deoxyglucose-6-P had no effect, presumably 
because it did not enter the cell. In our experiments, however, 
external deoxyglucose-6-P was able to inhibit the growth of cell 
cultures, and both deoxyglucose and deoxyglucose-6-P were 
competitive with glucose. In the converse situation it had been 
found that glucose and mannose inhibited the penetration of 
deoxyglucose, whereas fructose was ineffective in this respect 
(10). Although the present experiments offer no direct evidence 
on this point, it is to be noted that fructose was much less active 
than glucose or mannose in reversing the effect of deoxyglucose. 
The possibility may be considered that in the present experi- 
ments also, the reversal of deoxyglucose effect by hexose involves 
at least in part an inhibition of its transport. 

Although it has been previously reported that deoxyglucose- 
6-P is not metabolized (8, 9), the present results suggest that it 
is metabolized, although slowly (cf. Fig. 4), and that the prod- 
ucts may themselves be inhibiting at other loci. It is pertinent 
that recently Brooks et al. (23) reported the finding of an un- 
identified ester, in addition to deoxyglucose-6-P, on chromato- 
grams derived from skin grown on deoxyglucose; and Williams 
and Eagon (24) have found that extracts of Pseudomonas aerugi- 
nosa could oxidize deoxyglucose to 2-deoxy-p-gluconic acid. No 
phosphorylated intermediates could be demonstrated, and pyri- 
dine nucleotides were not involved in the latter oxidation. 


SUMMARY 


2-Deoxyglucose, at concentrations equimolar to the glucose 
of the medium, inhibits glycolysis and growth of cultured human 
cells. Growth inhibition may be reversed by added glucose or 
mannose. Cells grown on fructose are more sensitive to the 
inhibitory effects of 2-deoxyglucose than are those grown on 
glucose and mannose, and higher concentrations of fructose than 


2S. Barban and B. Bloom, unpublished observations. 
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of glucose and mannose are required to reverse the inhibition. 
2-Deoxyglucose and 2-deoxyglucose 6-phosphate have been 
shown to inhibit fructokinase, phosphohexoseisomerase, and 
glucose 6-phosphate dehydrogenase. The implications of these 
findings with respect to the primary site of action of 2-deoxy- 
glucose are discussed. 
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Earlier studies of several vegetable fats (1, 2) demonstrated 
that the saturated fatty acids of the triglycerides are found 
almost exclusively in the 1- and 3-positions. The saturated acids 
in these species were predominantly palmitic and stearic. The 
advent of suitable gas-liquid chromatographic techniques makes 
possible a more detailed study of the distribution of individual 
fatty acids in triglycerides. This report covers a number of 
seed fats that contain fatty acids, both saturated and unsat- 
urated, having a chain length of more than 18 carbon atoms. 
These fatty acids also show a specific distribution in that they 
are found almost exclusively in the 1- and 3-positions of the tri- 
glyceride molecule. 


EXPERIMENTAL PROCEDURE 


The seeds used in this study were obtained from reliable 
commercial or private sources, so that the identity of the fats is 
certain. In all, 18 species, which included nine orders and ten 
families, were studied. Several samples were selected from the 
Cruciferae family, because many of its species contain fatty 
acids with a chain length of more than 18 carbons. The species 
studied and their classification are given in Table I. Where 
applicable, the classification system used is the same as that 
used by Eckey (8). 

The dried seed or kernel was ground in a Wiley mill to pass a 
40-mesh screen and was extracted with petroleum ether (b.p. 
40°) for 24 hours in a Soxhlet extractor. The triglycerides were 
isolated from the lipids by chromatographing on a silica gel 
column (4). All samples had essentially a zero hydroxy! value 
and contained little or no free fatty acids. Unsaponifiable 
material constituted less than 1% of the isolated triglycerides 
except in the marigold seed and the Abyssinian kale seed. In these 
cases it was 1.5%. 

The structure of the triglycerides was determined by hydroly- 
sis with pancreatic lipase (5). Since under these conditions, 
there is little or no hydrolysis of esters of secondary hydroxy] 
groups by pancreatic lipase (6), the fatty acids of the mono- 
glycerides isolated from the enzymatic digest are those that were 
esterified at the 2-position of the original triglyceride. The fatty 
acid composition of the original triglycerides and the mono- 
glycerides formed by lipase hydrolysis was determined by gas- 
liquid chromatography after converting these acids to methyl 
esters. 

Two gas-liquid chromatographic techniques were used in 
determining the fatty acid composition. A qualitative determi- 
nation of fatty acids having a relatively large retention volume 
was made with a high temperature (240-250°) column with 


silicone as the liquid phase. The run was continued long enough 
so that any fatty acid having a retention volume less than that 
of a 30-carbon saturated fatty acid would be detected. The 
actual quantitative determination was made with the run 
continuing for sufficient time to detect all the fatty acids which 
were shown to be present by the preliminary analysis. Because 
these analyses were made over a period of several months, there 
was some variation in the conditions under which the chromato- 
graphic columns were operated. The preferred conditions, and 
those generally used, were: liquid phase, 12 weight % of ethylene 
glycol adipate polyester on 60 to 80 mesh, acid-washed and 
neutralized Chromosorb W; column length, 200 cm; tempera- 
ture, 200°; He flow rate, 50 ml per minute, standard temperature 
and pressure; sample size, 0.5 to 5 ul. 

A comparison of the retention volumes of the unknowns with 
those of suitable standards and the fatty acid compositions 
already reported for these fats (3, 7) formed the bases for assign- 
ing identification to the individual fatty acids. None of the 
fats studied are reported to contain unusual fatty acids. Con- 
sequently, the identity assigned to the acids is probably correct. 
Fatty acids that constitute less than 1% of the total are not 
reported because of the large relative error in such values. 


Therefore, the sum of the individual acids of many of the fats 
is not 100%. 


RESULTS AND DISCUSSION 


The fatty acid composition of the original triglyceride and the 
composition of those acids esterified at the 2-position of the tri- 
glyceride are given in Table II. Values from 1 to 5% have a 
maximal relative error of 10%; those above 5%, a maximal rela- 
tive error of 5%. The last row for each fat is the percentage 
of that particular fatty acid of the triglyceride that is in the 
2-position. The significance of this last group of numbers is de- 
pendent on the relative error in the values from which they are 
derived. Values are not listed when the fatty acid constituted 
less than 1% of the sample. 

The proportion values demonstrate that fatty acids having a 
chain length of more than 18 carbon atoms, regardless of whether 
they are saturated or unsaturated, are esterified almost ex- 
clusively with the 1- and 3-positions of glycerol. If these acids 
were distributed randomly, 33% of each of them would be in the 
2-position. However, only trace amounts of such acids are es- 
terified with that position. When a triglyceride contains only a 
few per cent of a given fatty acid, an appreciable portion of it may 
be reported in the table as occurring in the 2-position. However, 
in view of the large relative error at low concentrations, such 
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TABLE [| 


Order, family, genus, species, and common name of plants studied 











Sample No. | Order Family 
—| 

1 Rhoeadales Cruciferae 

2 

3 

4 

5 

6 

7 

8 

9 
10 Rosales Leguminosae 
11 Geraniales Tropaeolaceae 
12 Geraniales Simaroubaceae 
13 Sapindales Hippocastanaceae 
14 Malvales Sterculiaceae 
15 Parietales Dipterocarpaceae 
16 Tubiflorae Convolvulaceae 
17 Bignoniaceae 
18 Rubiales Rubiaceae 
19 Campanulales Compositae 


Genus and species Common name 





Brassica alba Mustard seed 


B. oleracea capitata Cabbage seed 
B. napus Rapeseed 
Rapeseed 
Turnip seed 


Abyssinian kale seed 


B. napus 
B. rapa 
Crambe abyssinicia 


Desurania sophia (seed) 
Erysimum perotskianum (seed) 
Raphanus sativus Radish seed 
Arachis hypogaea Peanut 


Nasturtium seed 
Aceituno kernel oil 
Buckeye nut 

Cocoa butter (kernel) 
Borneo tallow (kernel) 
Morning glory seed 
Morro seed 

Coffee seed 

Marigold seed 


Tropaeolum 
Simarouba glauca 
Aesculus 
Theobroma cacao 
Shorea stenoptera 
Ipomoea purpurea 
Crescentia alata 
Coffea arabica 
i'agetes patula 








values are of questionable significance. When the analytical 
values that were obtained were in the area of maximal reliability, 
the pattern of specific distribution is the most pronounced. 

Nasturtium seed may seem to be an exception to this pattern 
of specific distribution. However, because the triglycerides of 
this fat consist of more than 66% of fatty acids with a chain 
length of more than 18 carbons, that portion in excess of 66% 
must be esterified with the 2-position. 

The Abyssinian kale is an example of the specific distribution 
of fatty acids at practically its maximum. In this instance, 
59% of the fatty acids of the triglycerides are palmitic or stearic 
or have a chain length of more than 18 carbon atoms. These 
are distributed such that 95% of them are in the 1- and 3-posi- 
tions. A consequence of this specific distribution is that oleic, 
linoleic, and linolenic acids, although constituting only 35% of the 
total fatty acids in the triglycerides, account for 93% of the fatty 
acids in the 2-position. The distribution of these 18 carbon, un- 
saturated acids in a wider variety of plant fats will be covered 
in a subsequent publication. 

The only report in the literature on the distribution of fatty 
acids with a chain length of more than 18 carbons is that of 
Hilditch and Paul (9). On the basis of behavior on hydrogena- 
tion, they concluded that the erucic acid of rapeseed oil was 
distributed among all three positions in the triglyceride molecule. 
In the analyses reported here, only trace amounts of erucic acid 
were found in the 2-position. The greater reliability of the ana- 
lytical methods which are now available, and which were used 
in the present study, probably accounts for the difference in 
results between the two studies. 

Thus far, we have studied the distribution of fatty acids in 
56 different species of plants. The 18 species reported here 
include all of those that contained fatty acids with a chain 
length of more than 18 carbons. Consequently, we know of no 
exception to the conclusions which are offered. 

The saturated fatty acid content of the fats used in our earlier 
study (1) wasdetermined by the alkaline-isomerization technique. 





Although the saturated acids in these fats were predominantly, 
if not exclusively, palmitic and stearic, it was not possible to 
state whether these acids showed any individual differences. 
In the analyses reported here, the use of gas-liquid chromatog- 
raphy permitted a study of the distribution of palmitic and 
stearic acids separately. The values obtained for these two 
acids (Table II) clearly illustrate that both palmitic and stearic 
acids show the specific distribution which was assigned in the 
earlier study to saturated acids without further identification. 
Only two of the fats in Table II, peanut oil and cocoa butter, 
were included in the previous report. Hence, this study rep- 
resents an extension of the observations on palmitic and stearic 
acid distribution in the triglycerides of a number of new species. 

The earlier report (1) on the specific distribution of fatty acids 
in triglycerides included a number of animal fats. It was there 
noted that phospholipids of animal origin also show a specific 
distribution of fatty acids; however, this pattern was the inverse 
of that which would be expected if phospholipids and triglycerides 
shared a common metabolic pathway. The subsequent demon- 
stration (10-12), that the specificity assigned to the lecithinase 
used in the phospholipid studies was incorrect, brought the 
pattern of fatty acid distribution in triglycerides and phospho- 
lipids into agreement. Unfortunately, data on the positioning 
of fatty acids in the phospholipids of vegetable fats are not 
available. Inasmuch as vegetable fats consist of lipid com- 
ponents identical or analogous to those found in animal fats, it 
is likely that a pattern of specific fatty acid distribution will be 
found in the plant phospholipids as well. The existence of such 
a pattern is suggested also by the similar, although not identical, 
metabolic pathways of these related lipids in plants (13) and 
animals (14). 


SUMMARY 


The distribution of fatty acids in the triglyceride molecules 
of 18 species of vegetable fats has been determined. Certain 
fatty acids were found to exhibit specific distribution. 
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TABLE II TaBLe II—Continued 
Fatty acid composition of whole triglyceride and of fatty 
— acide in #-pesition of Wwighyceride and gropertion* 16:0 | 18:0 | 20:0 | 22:0 | 24:0 | 20:1 | 22:1 | 18:1 | 18:2 | 18:3t 
a of each fatty acid in 2-position moles \moles |moles asin moles aw a aioe moles | moles 
l hih|%\%1%\|%1|%1%|%)1% 
16:0 | 18:0 | 20:0 | 22:0 | 24:0 | 20:1 | 22:1 | 18:1 | 18:2/18:3t 14 Cocoa butter 
REE GCSE: BT “| Triglyceride 27 | 33 | 2 35 3 
moles|moles |moles moles |moles |moles moles moles \moles \moles es | 
%\'%\|%\%)\%)% o | % | % | % 2-Position 2{| 2) 0 85 | 11 
1. Mustard seed | | Proportion 2; 2| @ | 81 | 122 
Triglyceride | 3 9|47|16| 10| 14 15. Borneo tallow | 
2-Position 0 0| 1| 42] 26 31 Triglyceride | 18 | 45 | 2 36 
Proportion 0 o| 1/88! 87| 74 2-Position | 4/10| 0 85 
2. Cabbage seed ff Proportion | 7/ 7} 0 | 79 
Triglyceride 5| 1 1 | 9|39|16| 17| 12 16. Morning glory | | 
2-Position vi f 0| 0| 2] 28) 39) 29 seed | 
Proportion 7 | 33 0| O| 2| 58} 76 81 Triglyceride | 22 | 12] 1 1\15 |) 42; 8 
3. Rapeseed 2-Position | 2 1 0 1| 23 | 64 10 
Triglyceride 31 2).2 15 | 28 | 22| 15) 14 Proportion | 3 0 33; 51 | 51) 42 
2-Position 1/0) 0 0| 1/37] 37; 23 17. Morroseed | 
Proportion 11| 0/0 0} 1|56| 82| 55 Triglyceride | 17| 6 1 51 | 22; 2 
4. Rapeseed 2-Position | 2] 4 0 59 | 35) 3 
Triglyceride | 4| 1 10} 40/17) 17) Proportion 4| 6 0 39 | 53] 50 
2-Position 1| 1 0| 3/32) 41) 22 18. Coffeeseed | 
a Proportion 8 | 33 0| 2/63] 80) 67 Triglyceride | 35| 7} 2 7| 48) 2 
5. Turnip seed | | 2-Position | 2] 1] 0 | /10| 85) 2 
Triglyceride 3| 1 15| 39/15! 14) 12 Proportion | 2 0 | | 48 | 59) 33 
tly, 2-Position 0| 0 | 0} 0| 33) 38) 28 19. Marigold seed | | | 
» to Proportion 0| 0 | 0; 0/73} 90) 78 Triglyceride | 18; 7| 2 | 1 _ 9} 62 
ces. 6. Abyssinian | 2-Position 1]; 1; 08; °0 | | 10 | 88 
og kale seed Proportion 2| &| 6018 | | | | 37 | 47 
and Triglyceride 3 2 3/51 | 22/ 12) 6 Te 
two 2-Position 1 0 0; 4/50/ 29) 16 * an X< 100 = Proportion, i.e. percentage of 
nite Proportion 10 0 0| 3] 76 81) 89 Triglyceride x 3 7 
the 7. Descurania | | fatty acid type esterified with the 2-position. 
. sophia j Fatty acid abbreviation system suggested by Dole (8). 
nen Triglyceride 7| 2] 2 1 |10| 9/13] 18) 38 
ter, 2-Position 0} 0| 0 0] 0] 0/15] 28) 55 
_ Proportion 0; 0) 0 0 | 0} 0} 38| 52) 48 1. Fatty acids having a chain length of more than 18 carbon 
— 8. Erysimum ; | | atoms, regardless of whether they are saturated or unsaturated, 
a “ = are esterified almost exclusively at the 1- and 3-positions. 
so Triglyceride at at? 2| 8120! 13 | 27 23 2. Similarly, palmitic and stearic acids are preferentially 
cific 2-Position 1!/ 0/0 0| 1] 1] 20! 48| 30 esterified at the 1- and 3-positions. —_ 
eo Proportion 8! olo 0| 4] 2|51| 59] 43 3. As a result of the specific distribution of these acids, the 2- 
ite 9. Radish seed | | position of the triglyceride molecules contains a high pro- 
Triglyceride 713314 1 | 10 | 29 | 22 15) 12 portion of oleic, linoleic, and linolenic acids. 
_— 2-Position 1; 0/0 0 | 0| 1|35| 35| 27 
em Proportion 5| 0) 0 0; 0; 1) 53) 78 0% Acknowledgment—We wish to thank the many individuals 
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Among the metabolic events which have been found to ac- 
company the ingestion of particles by polymorphonuclear 
leukocytes (1) is an enhanced incorporation of inorganic phos- 
phate-P® into the total phosphatide fraction (2). Under suit- 
able conditions, there was found to be a doubling of the specific 
activity of this fraction in leukocytes which were engulfing starch 
granules, compared with leukocytes at rest (2). 

We suggested previously (2) that the increased labeling of 
phosphatides when leukocytes accumulate particles might not be 
different in principle from that observed during some types of 
secretion, 7.e. when particles or substances in solution pass from 
the inside of cells to the outside (e.g. pancreatic secretion of 
zymogen granules (3)). Experiments have now been carried 
out to determine whether the labeling of specific phosphatides is 
observed during the passage of particles about 1 to 3 u in diam- 
eter into leukocytes. 


EXPERIMENTAL PROCEDURE 


Cell Suspensions—An exudate rich in polymorphonuclear 
leukocytes was obtained from the peritoneal cavities of guinea 
pigs 18 hours after the injection of a sterile, neutral 12 % caseinate 
solution, as has been reported previously (1). The cells were 
harvested by gentle centrifugation at 60 x g, and resuspended 
in Krebs-Ringer phosphate buffer. Quantification of the cellu- 
lar material was carried out by determination of total cellular 
phosphorus before the addition of the phosphate buffer to the 
Krebs-Ringer mixture (1). In these experiments 5 to 10 ani- 
mals, weighing about 300 g each, provided sufficient cells for one 
series of measurements on resting cells and phagocytizing cells. 

Incubations—For experiments in which measurements were 
made only after an incubation period of 30 minutes, the cells 
were divided among four 125-ml Erlenmeyer flasks as follows: 
cell suspension, 5 ml; fresh guinea pig serum, 3 ml; glucose, 1 ml, 
containing 28 mg of glucose (final concentration about 10 umoles 
per ml incubation medium). The flasks were brought to a total 
volume of 14 ml, placed on a Dubnoff metabolic shaker at 37°, 
and incubated for 5 minutes with shaking at 60 cycles per minute, 
stroke 1.5 inches. At the end of this time a small volume (0.2 
ml) of phosphate-P® solution was added to provide between 
250 and 1250 ue of P® per flask. Krebs-Ringer phosphate 


* Supported by the Eugene Higgins Trust through Harvard 
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medium (1.5 ml) containing in suspension 25 mg of Amaranthus 
cruenthus starch (4) was then added to each of two flasks and 
1.5 ml of medium were added to each of the remaining two flasks. 
Incubation was continued for 30 minutes in air. 

Experiments on Time Course of Incorporation of Phosphate-P?— 
In these experiments four pairs of flasks were set up. The vol- 
umes of all components were reduced, compared with the pre- 
vious set of experiments, so that the total volume was 11 ml per 
flask. Starch particles (25 mg) were added to each of four 
flasks at zero time; four flasks served as “resting” controls. At 
various times, pairs of flasks (one with phagocytizing cells, one 
with resting cells) were removed. The cells were harvested and 
the lipids were obtained from each flask as outlined below, and 
analyzed. 

Extraction and Washing of Lipids—At the end of the incuba- 
tion period, the contents of each flask were transferred to a 
chilled 50-ml centrifuge tube and centrifuged lightly at 60 x g 
for 10 minutes in the cold. The cells were washed twice, each 
time with 10 ml of Krebs-Ringer phosphate medium. After the 
second washing and centrifugation, they were extracted with 
chloroform-methanol, 2:1, by the method of Folch et al. (5). 
This solvent mixture (40 ml) was used to extract the contents 
of each centrifuge tube. The cells were homogenized in the 
extracting solvent in micro-Waring Blendors or in a Lourdes 
homogenizer. After standing overnight, the suspension was 
filtered and the filtrate was washed five times. The first wash 
consisted of the addition to the mixture of 0.2 volume of distilled 
water, intimate mixing of the phases, and centrifugation, after 
which the upper phase was carefully removed and discarded. 
Four more washings were carried out with an upper phase in 
equilibrium with the chloroform-rich lower phase (5) and con- 
taining 0.15% of sodium potassium phosphate, pH 7.4. This 
washing process removed any significant contamination with 
inorganic phosphate-P®. The washed chloroform extract was 
evaporated repeatedly to dryness at 55° under nitrogen and 
taken up in 2:1 chloroform-methanol after each evaporation. 
This process removed protein components (6). The product 
was finally taken up in 2:1 chloroform-methanol and filtered. 
In the experiments terminated after incubation for 30 minutes, 
the extracts representing the two flasks which had phagocytized 
starch were combined; similarly the two extracts from the resting 
cells were combined and brought to volume with chloroform- 
methanol. In the time course experiments, extracts from in- 
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Effect of phagocytosis on specific activity of total phosphatides 


2/flask Specific activity of lipids 
Experi- | Cellular P32/flask 














3a /fack (approxi- | Particles - 
ment P*/tlask mate) ere on 
ug Be 

1 1310 500 - 3.56 X 10% 100 

+ 5.09 X 10° 143 

2 570 250 _ 1.71 X 10? | 100 

+ 3.96 X 10° 231 

3 1975 1250 _ 5.55 X 10% | 100 

+ 13.20 X 10 | 238 

4 856 700 _ 4.31 X 10° 100 
= 6.01 X 


10% 139 
@ One hundred micrograms of P represents 5.5 X 108 cells (1). 
> Specific activity of phosphatides of resting cells is equal to 

100%. 





dividual flasks were kept as such. 
phosphorus analysis and counting. 

Silicic Acid Chromatography—The leukocytic phosphatides 
were separated by chromatography on silicic acid as follows. 
Columns 250 x 3 mm, containing about 1 g of silicic acid, were 
used for loads of 250 ug of lipid phosphorus or less; larger size 
columns, 250 X 10 mm, containing 4 g of silicic acid, were used 
for loads of up to 1 mg of lipid phosphorus. 

The columns were packed, dry, with silicic acid (Mallinckrodt, 
reagent grade, 100 mesh) and thereafter were heated at 105° for 
4 hours in an atmosphere of nitrogen under reduced pressure. 
They were then washed successively with hexane (20 ml per g of 
silicie acid), chloroform-methanol, 1:1 (20 ml per g), and chloro- 
form (10 ml per g). Nitrogen was bubbled through all solvents 
before use, and the solvents were maintained under nitrogen. 

Chromatography was carried out at 4°. The lipids were 
applied in chloroform, and elution was accomplished with a sol- 
vent mixture changing continuously and linearly from 10% 
methanol in chloroform to 100% methanol. The volume of the 
solvent mixture with the linear increase in methanol concentra- 
tion was 75 ml per g of silicic acid and this was followed by 10 
ml of methanol per g of silicic acid. A flow rate of 1 ml per 
minute and cm? cross-sectional area was maintained by means 
of a constant volume pump. Fractions of 2 ml (for the smaller 
columns) or 10 ml (for the larger columns) were obtained by 
means of an automatic fraction collector, and aliquots were taken 
for phosphorus analysis and counting. 

Establishment of Identity of Chromatographic Peaks—The elu- 
tion patterns for all samples of leukocytic lipids chromatographed 
were found to be the same. From the patterns obtained by 
phosphorus analysis, together with those derived from radioac- 
tivity measurements, six fractions may be discussed. 

In order to establish the nature of the fractions obtained, it 
was necessary to have sufficient material. Therefore, in Experi- 
ment 3 (Table I), a known amount of freshly extracted and 
washed carrier leukocytic lipid was added to the labeled total 
lipid obtained from the incubated cells after phosphorus and 
radioactivity measurements. This step was permissible, since 
phagocytosis has not been found to alter the composition of the 
phosphatide fraction. The chromatograms were then run, and 
the individual fractions obtained. After measuring phosphorus 
and radioactivity on each tube, the six fractions from phagocytiz- 
ing cells were each combined with the relevant fractions from 
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resting cells, evaporated to dryness, made to volume and ali- 
quots were removed for comparison, when possible, with au- 
thentic samples of known phosphatides. These were cabbage 
phosphatidic acid, synthetic phosphatidyl ethanolamine (dimy- 
ristoyl), a sample of brain diphosphoinositide, synthetic phos- 
phatidyl serine (dipalmitoyl), and synthetic lecithin (dimy- 
ristoyl). The phosphatidic acid was prepared in this laboratory 
by the method of Chibnall and Channon (7, 8) and had a ratio 
of fatty acid to phosphorus of 2.03:1.00. The synthetic phos- 
phatides were the generous gift of Dr. E. Baer, and the brain 
diphosphoinositide that of Dr. Folch-Pi, to both of whom the 
authors are deeply indebted. The main identification procedure, 
in general, was that of Dawson (9), in which the water-soluble 
products of gentle alkaline hydrolysis are subjected to paper 
chromatography and the spots developed with perchloric acid, 
ammonium molybdate, and H2S as reducing agent (10). In 
some cases, ultraviolet light was used to develop the color (11). 
When possible the paper chromatograms were scanned for radio- 
activity. 

Analytic Methods—Total lipid phosphorus was measured by 
the method of King (12) or, in the case of column eluates, of 
Lowry et al. (13). In the latter case the scale was increased 
100- or 200-fold. Aliquots were plated at infinite thinness and 
counted in a gas flow counter in the proportional range. Fur- 
ther standard analytical procedures used for individual chromato- 
graphic fractions will be mentioned below. 


RESULTS 


Stimulation of Labeling of Total Phosphatides during Phago- 
cytosis—In Table I is a summary of the four experiments carried 
out for an incubation period of 30 minutes, indicating the specific 
activities of the total lipids obtained after incubation. It may 
be observed that in each case the specific activity of the lipids 
from cells which had phagocytized was considerably greater than 
that of cells which had been at rest (cf. (2)). 

Chromatographic Separation of Phosphatide Components of 
Lipids—In Fig. 1 is an example of the separation achieved with 
the use of silicic acid and the gradient solvent system described 
under ‘‘Experimental Procedure.”’ Recovery of lipid phosphorus 
and of activity was 90 + 4% for the 14 columns used. This 
recovery is regarded as satisfactory, in view of the fact that some 
tubes contained phosphorus below the level of detection of the 
analytical methods used. 

It may be noted that although there is a very distinct peak 
with respect to phosphorus for Component II of the phosphatide 
mixture, this fraction contained relatively little radioactivity, 
and no peak of radioactivity was observed to correspond with the 
phosphorus peak. The radioactivity peaks for all other compo- 
nents were, in general, somewhat sharper than those obtained 
from the phosphorus analysis. This is particularly true of 
Component III, which often appeared merely as a shoulder on 
the pattern obtained by phosphorus analysis of the fractions, but 
had a definite peak when the radioactive counts were plotted 
(Fig. 1). Separation into various components was made on the 
basis of the combined phosphorus and radioactive data to give 
the cleanest entities possible. 


Identification of Phosphatides Separated by Chromatography 


In each chromatographic run of Experiment 3, the tubes 
representing separate peaks were combined to yield Fractions 
I to VI as mentioned under ‘Experimental Procedure.” 





July | 


Ide1 
For al 
the pc 
exam] 
phosp 
appea 
previc 
tumo! 
each ¢ 

The 
ponen 

Con 
as phi 

; a 
obtail 
I phe 
phorv 
simils 
that | 
were 
Furtl 
acid 
papel 
(30:1 
that 
and | 
was § 
no ¢ 
with 

chlor 
just | 
at th 
2. 
niqu 
(10) 
(a-g] 
from 
phos 
Chre 
dica' 
had 
und 
the. 
is re 
acti 
devi 
chro 
cabl 
pro} 
fully 
acti 
C 
pha 
i 
witl 

0.95 

sta 

hyc 

2 
con 
ma 





No. 7 


d ali- 
h au- 
obage 
limy- 
phos- 
limy- 
atory 
ratio 
phos- 
brain 
n the 
dure, 
luble 
paper 
acid, 
. Ip 
(11). 
adio- 


d by 
es, of 
eased 
s and 
Fur- 
nato- 


hago- 
ried 
ecifie 
may 
lipids 
than 


ts of 

with 
ribed 
horus 

This 
some 
f the 


peak 
atide 
ivity, 
h the 
mpo- 
ained 
1e of 
er on 
3, but 
otted 
n the 
give 


hy 


tubes 
tions 


July 1961 


Identification of the various peaks was based on the following. 
For all the peaks, some idea of their identity was derived from 
the position of the component on the chromatogram (14). For 
example, in this type of chromatogram it has been shown that 
phosphatidic acids are rapidly eluted and that sphingomyelins 
appear last. Experience with this chromatographic system had 
previously been obtained with the phosphatides of Ehrlich ascites 
tumor cells (15), and indicative information on the nature of 
each component was thus available. 

The following operations were carried out to examine the com- 
ponents. 

Component I—The identity of this component was confirmed 
as phosphatidic acid, as follows. 

1. Component I was mixed with authentic phosphatidic acid 
obtained from cabbage leaves in the ratio of 1 part of Component 
I phosphorus to 14 parts of cabbage phosphatidic acid phos- 
phorus. The mixture was run through a silicic acid column 
similar to that used to obtain Component I, and it was found 
that 92% of the phosphorus and all the activity of this mixture 
were eluted with chloroform-methanol in the ratio 7:1 (14). 
Further, when this mixture of authentic cabbage phosphatidic 
acid and Component I was chromatographed on siliconized 
paper with a solvent mixture of methanol-chloroform-water 
(30:10:4) and was stained with iodine vapor (16) it was found 
that only one spot could be seen. This remained at the origin 
and was found to contain all the radioactivity when the paper 
was scanned. Faint streaking was observable at the front, but 
no counts could be detected. In this system, lecithin moved 
with an Rp of 0.52. On plain Whatman No. 1 paper, with a 
chloroform-methanol mixture (7:3) phosphatidic acid moved 
just behind the front, and again, all the radioactivity was present 
at the site of the greatest staining. 

2. Component I was hydrolyzed and examined by the tech- 
nique of Dawson (9). Chromatography in propanol-ammonia 
(10) indicated that the product from cabbage phosphatidic acid 
(a-glycerophosphate) had an R» of 0.29; a mixture of the product 
from leukocytie lipid Component I with that from cabbage 
phosphatidic acid yielded only one spot with an Ry of 0.31. 
Chromatography in an ethylene glycol-butanol mixture (17) in- 
dicated that the hydrolysis product of cabbage phosphatidic acid 
had an Ry of 0.23, and the peak radioactivity of the substance 
under investigation was found at 0.27. The agreement between 
the peak of activity and the value obtained by developing color 
is regarded as satisfactory, since the scanning method for radio- 
activity did not have a greater precision than indicated by this 
deviation. As confirmation, the single blue spot observed after 
chromatography of the hydrolysis product of the mixture of 
cabbage phosphatidic acid and leukocytic Component I in 
propanol-ammonia and development of the color (10) was care- 
fully cut out and counted. It was found to contain all the 
activity on the paper. 

Component II—This Component was identified as phos- 
phatidyl ethanolamine. 

1. The ratio of amino groups to phosphorus was as follows: 
with serine as a standard for the amino group determination, 
0.92; when pure synthetic phosphatidyl ethanolamine was the 
standard, 1.03. The amino groups were determined with nin- 
hydrin by the method of Lea and Rhodes (18). 

2. Component II was treated by the Dawson technique and 
compared with synthetic phosphatidyl ethanolamine. Chro- 
matography in phenol-ammonia (9) indicated that the product 
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Fic. 1. Example of the pattern of elution of leukocytic phos- 
phatides from a silicic acid column. Upper curve, pattern with 
respect to phosphorus, lower curve, pattern with respect to radio- 
activity. The components numbered from left to right are named 
in Table II. The notch in Component V (lecithin) is an artifact 
in the operation of this particular column, and results from the 
mode of expression used. The two tubes affected received only 
half as much solvent as the others. If the data are plotted in 
concentration terms, 7.e. ug of P per ml of solvent or c.p.m. per 
ml of solvent, the notch is of course not evident. The abbrevia- 
tion used is: MeOH, methanol. 


of the hydrolysis of the synthetic compound had an R, of 0.66, 
whereas that from the unknown substance moved with an R, of 
0.68. In propanol-ammonia each of these substances had an 
Ry value of 0.25. The radioactivity of this fraction was too low 
to be useful in the identification. 

Component III—This component was found to be inositol 
phosphatide. 

1. Component IIT contained only traces of ninhydrin-reacting 
material when subjected to the Dawson procedure and compared 
with an authentic sample of inositol phosphatide subjected to 
the same treatment. The water-soluble products obtained from 
both substances in this procedure behaved identically when 
examined by paper chromatography in ethylene glycol-butanol 
(17) or in propanol-ammonia (10) (Fig. 2). Radioactivity was 
detected at the most highly stained blue part of the chromato- 
gram. 

2. Component ITI was subjected to electrophoresis in a solvent 
system of trichloroethylene-methanol-water (47.5:47.5:5, by 
volume) containing a barbituric acid-potassium barbiturate 
buffer to give an apparent ionic strength of 0.005 and an ap- 
parent pH of 10.6 (19). It was allowed to migrate at 1500 volts 
for 60 minutes. 

At this time the paper was removed and stained with ninhy- 
drin. A faint blue color developed in an area 0.8 to 3 cm from 
the origin, a position normally expected for ethanolamine phos- 
phatides in this system. The radioactivity was, however, found 
6 cm from the origin, a location characteristic of substances 
possessing a net charge of —2 at this pH. 

Although diphosphoinositides in the presence of calcium or 
magnesium ions appear to have a zero net charge in this system, 
the migration of Component III is that which would be expected 
of uncomplexed diphosphoinositides or monophosphoinositides. 
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Fig. 2. Paper chromatography of products of mild alkaline 
hydrolysis of Component III (inositol phosphatide). Solvent for 
Chromatogram 1: Ethylene glycol-butanol (17); solvent for 
Chromatogram 2: Propanol-ammonia (10). Solid shading,definite 
color; stippled areas, definite but fainter color; open areas, faint 
but discernible color, in the molybdate spray color reaction (10). 
Chromatogram 1 was scanned, and radioactive data are plotted 
(X——X). Standard was brain diphosphoinositide. 


TABLE II 
Composition of leukocytic phosphatides 
The mean and average deviation from the mean are given. 
In all cases, except the phosphoinositide and the phosphatidyl 
serine, 14 values were obtained. For these exceptions, 12 values 
were obtained, since inadequate separation was obtained on two 
columns. Four different batches of cells-were analyzed. 
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Percentage of 

Component total phosphatide 
phosphorus 
I. Phosphatidic acid fraction.............. 4+ 1 
II. Phosphatidyl ethanolamine fraction..... 35 + 5 
III. Inositol phosphatide fraction........... 4+2 
IV. Phosphatidyl serine fraction............ 4+1 
We BIOUNGMEM SUMOUNONE 55 oe ce cece eens 35 + 5 
VI. Sphingomyelin fraction................. 18 + 4 








Component IV—This component was identified as phosphatidyl 
serine. 

1. On electrophoresis (19) this component yielded a ninhydrin- 
positive spot between 3.0 and 6.0 cm from the origin. Radio- 
activity was detected in the area 4.0 to 6.0 cm from the origin. 
Standard synthetic phosphatidyl serine showed migration with 
a band between 3.0 and 5.5 cm in this system. The slight dif- 
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ferences might be accounted for by the fact that the synthetic 
phosphatidyl! serine contained only saturated fatty acids. 

2. When the standard and the unknown substance were sub- 
jected to Dawson’s alkaline hydrolysis procedure (9) and the 
resulting water-soluble substances were subjected to paper chro- 
matography in propanol-ammonia, the Ry values for the standard 
and the unknown substance were, respectively, 0.26 and 0.28. 
In ethyleneglycol-n-butanol the unknown substance migrated 
with an Rp of 0.14, as did the standard. 

Component V—This component was found to be phosphatidyl 
choline. 

1. The choline to phosphorus ratio determined on this com- 
ponent was 0.9. Choline was determined by the method of 
Wheeldon and Collins (20). 

2. When this component and synthetic phosphatidyl choline 
were subjected to the Dawson technique and the resulting water- 
soluble products were chromatographed, the product from the 
unknown sample moved with an Ry of 0.26 and that from the 
standard with an Rp of 0.24 in propanol-ammonia. In phenol- 
ammonia, the values were 0.59 and 0.56, respectively. 

Component VI—This component was identified as sphingo- 
myelin. This fraction was subjected to the two-stage hydrolysis 
procedure described by Robins e¢ al. (21) on a larger scale. 
Only 10% of the phosphorus became water-soluble after the 
acid hydrolysis, whereas the rest remained soluble in the organic 
phase. This indicates that 90% of Component VI is comprised 
of sphingomyelin. 

Composition of Phosphatides of Polymorphonuclear Leukocytes— 


TABLE III 
Effect of phagocytosis on specific activity of 
various phosphatides 
The specific activity for each component was calculated by 
dividing the total counts in that component by the total ug of P 
in all the tubes containing that component. 
| 












































| Component® 
Experiment Particles | 
| = | II | I | Ww |v | VI 
: c.p.m./pg P 
1 | — | | 31 | 63 | 50 91 41 
+ {1237 5 341 | 343 148 22 
or c. 
Ratio? . | 13.3] 2.1] 5.4| 6.1] 1.6] 0.5 
Qe — {121 | 2 | 177 112 42 
+ |oe | 3s | 563 88 48 
as r | 4 | _ oo i... Oe 
Ratio.....| 2.3| 1.3 | 3.2 0.8} 1.1 
3¢ =~ | « — | 47 | 9 | 266 | 247 | 169 «| 22 
oe _+ | 168 | 33 | 681 617 252 67 
Ratio... | 3.6| 3.7| 2.6 | 2.5| 1.5) 3.0 
4 — |372 | 49 | 424 | 329 | 166 “ 6 7 
__ | _ + (2083 | 108 | 641 | 400 | 167 | 388 
Ratio..... | | 29] 2.2 | 1.5 | eat tal 43 
| | ' 











* Component fractions: I, phosphatidic acid; II, phosphatidyl 
ethanolamine; III, inositol phosphatide; IV, phosphatidyl serine; 
V, lecithin; VI, sphingomyelin. 

> Ratio of specific activity of component from phagocytizing 
cells to specific activity of component from resting cells. 

¢ Inadequate separation of Components III and IV was ob- 
tained in this experiment and they are reported together. 

4 Carrier was added. Specific activity of lipids before carrier 
leukocytic lipids were added was approximately 2.5 times as high 
(see ‘‘Experimental Procedure’’). 
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The composition of the phosphatide fraction of lipids from 
polymorphonuclear leukocytes, as obtained from the separations 
on silicic acid columns, is given in Table II. Despite careful 
scrutiny of the data, no significant differences were observed 
between the lipids of phagocytizing and resting cells with respect 
to the composition of the phosphatide fraction. 

Effect of Phagocytosis on Incorporation of Phosphate-P® into 
Individual Components of Phosphatide Fraction—In Table III 
are given the specific activities of the various phosphatides of 
phagocytizing cells and resting cells for each of the four experi- 
ments terminated after 30 minutes of incubation. ‘The results 
are expressed as counts per minute per ug of lipid phosphorus. 
To provide a more succinct statement of the effect of phagocyto- 
sis on the labeling of the various phosphatide fractions, the data 
have been summarized in Fig. 3. Here the value for the specific 
activity of the lecithin fraction of resting cells has been expressed 
as 100 in each experiment and all other values expressed pro- 
portionately. It may be seen that phagocytosis causes a marked 
stimulation of the specific activity of the phosphatidic acid frac- 
tion, of the phosphoinositide, and of phosphatidyl serine. The 
effect of phagocytosis on the specific activity of the other frac- 
tions was small and variable. In particular, the relative specific 
activities of the phosphatidyl ethanolamine and the sphingo- 
myelin were always very low and did not appear to be signifi- 
cantly affected by phagocytosis. 

A calculation was made of the total counts in each phosphatide 
species as a percentage of the total phosphatide counts. These 
data were obtained from the results of Table II and the relative 
specific activities of Fig. 3. They are presented in Fig. 4. As 
a check on this calculation the specific activity of each species 
in Experiment 4 was multiplied by the percentage of that species 
present as shown in Table II, and the sum of the activities ob- 
tained. For resting cells a value of 12.4 x 10% c.p.m. resulted, 
and for phagocytizing cells a value of 18.6 X 10% c¢.p.m. The 
measured values were 12.5 X 10 and 17.5 X 10* ¢.p.m., re- 
spectively, all expressed for 100 ug of lipid phosphorus. It is 
apparent from Fig. 4 that phagocytosis increased the proportion 
of counts in the phosphorus contributed by phosphatidic acid, 
phosphatidyl inositol, and phosphatidyl serine. For lecithin 
and sphingomyelin there was a decrease, and the contribution 
of phosphatidyl ethanolamine was unchanged. 

If the contribution of each component to the total increase in 
phosphatide radioactivity during phagocytosis is plotted, the 
data shown in the lower part of Fig. 4 are obtained. The phos- 
phatidic acid contributed the largest portion of the total increase 
of incorporation of P® and sphingomyelin the smallest, if indeed 
the contribution was significant. It should be noted that the 
increases in specific activity of the phosphatidyl ethanolamine, 
lecithin, and sphingomyelin components were not significant 
(Fig. 3). However, inasmuch as these substances are the major 
components of the phosphatide fraction (Table II), their con- 
tributions to the increase in total phosphatide activity as shown 
in Fig. 4B might appear substantial but are of dubious signifi- 
cance. 

Time Course of Phosphate-P® Incorporation into Phosphatides 
of Resting and Phagocytizing Cells—When flasks of resting or 
phagocytizing cells were removed from the incubation bath at 
various times after addition of the starch particles as described 
under “Experimental Procedure,” the data shown in Fig. 5 were 
obtained. 

The panels labeled Lipid A and Lipid B in Fig. 5 illustrate 
the time course of labeling of total phosphatides in two separate 
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Fia. 4. Radioactive contribution by individual components of 
leukocytic phosphatide fraction: A, to total phosphatide activity 
(open bars, resting cells; stippled bars, phagocytizing cells). B, 
to the total increase in phosphatide activity caused by phagocyto- 
sis. 


experiments. Only Lipid B was fractionated into individual 
components. From Lipid A only the phosphatidic acid com- 
ponent was isolated, which exhibited a pattern of labeling with 
time similar to that shown for Lipid B. The results for various 
phosphatide components of Lipid B are given in the remaining 
panels of Fig. 5. 

Again, the six components may be seen to belong to two groups 
of phosphatides—a group of three components, minor in quantity 
(Table IT), but of high specific activity (cf. Fig. 3) and the three 
major components of low specific activity. Phagocytosis caused 
the most pronounced effects on the phosphatides of the former 
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Fic. 5. Changes in the specific activity of the various phosphatide types of resting and phagocytizing cells, with time 


The panels for Lipid A and Lipid B represent the total phosphatides in two independent experiments. 
Lipid B were fractionated, and the results for individual components are given in the remaining panels. 


cells; O——O, phagocytizing cells. 


group, particularly phosphatidic acid. The apparent aberra- 
tions observed at 30 minutes in some instances cannot be eval- 
uated as yet. 


DISCUSSION 

The chromatographic separation of the various leukocytic 
phosphatides on silicic acid with the use of a linear solvent gra- 
dient was reasonably successful, moreso than in the case of the 
phosphatides of the Ehrlich ascites carcinoma (15). This is 
fortuitous, and believed to be due to the particular proportions 
of the various species, and perhaps their component fatty acids. 
In a study such as this the gradient elution method offers several 
advantages, such as the possibility of maintaining small eluent 
volumes and of arranging automatic operation. Further, the 
possibility of using a neutral solvent system and anaerobic 
conditions permitted the recovery of components with minimal 
deterioration. In addition to contributing to the reproducibility 
of the columns, these features were important in achieving later 
identification of components. With respect to the identification 
of the individual components, only Component I (phosphatidic 
acid) requires further comment. Despite the agreement be- 
tween the behavior of this substance and cabbage-leaf phos- 
phatidic acid, the possibility has not been excluded that Com- 
ponent I may contain a polyphosphatidic acid (e.g. (22)). 

In the studies made here of the effect of phagocytosis on the 
incorporation of phosphate-P® into phosphatides, specific activ- 
ities were directly measured for each component. This is, of 
course, facilitated by the use of column rather than paper chro- 
matography. In instances to be discussed below, total activities 
of each phosphatide component had to suffice (e.g. (3)). Fig. 4 
is thus most directly comparable with the work of Hokin et al. 
(3, 23-25). The over-all picture is not significantly different, 
however, for measurements of changes in total or specific ac- 
tivities, since no significant changes in the amounts of individual 
components were detected as a result of phagocytosis. 

Although there were considerable differences from experiment 
to experiment with regard to the stimulation noted in the labeling 
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of the total phosphatides by phagocytosis (Table I; Lipids A 
and B, Fig. 5) (ef. (2)), there is no doubt of the reality of the 
phenomenon. When the experiments were compared by using 
the specific activity of the lecithin of resting cells as an ‘internal ' 
standard”’ as in Fig. 2, it became apparent that the increases in 
specific activity of inositol phosphatide and _ phosphatidyl 
serine were highly significant after 30 minutes of incubation. 
This period was chosen on the basis of experience with other 
metabolic effects (1, 2). The extent of the increase in specific 
activity of the phosphatidic acid at 30 minutes is very variable. 
It was thought that the magnitude of the phenomenon with 
respect to this component might be highly time-dependent, 
particularly in phagocytizing cells, since the extent of phago- 
cytosis at any given time might have been imperfectly duplicated 
from experiment to experiment. It should, however, be em- 
phasized that an excess of particles was always present in an 
attempt to force maximal uptake (1). The experiment of Fig. 
5 was performed to examine the time factor. From the data 
obtained in this experiment and from those of Fig. 2, there is 
no doubt of the reality of the stimulation of labeling of the phos- 
phatidic acid during the phagocytic event and of the fact that 
the effect may be observed very early in the process. 

When particles are ingested by leukocytes, portions of the 
external membrane of the cell are ‘internalized’? as vesicles 
around the particles. This is evident from electromicrographs , 
made in the present work, and by others (26), and represents a 
situation not different in principle perhaps from that observed | 
in pinocytosis and schematically described by Bennet (27). It | 
was this feature which led us to raise the question that the me- 
tabolism of specific membrane lipids might be affected by the | 
phagocytic process. 

The pattern of stimulation of labeling of phosphatides during | 
phagocytosis is strongly reminiscent of the patterns obtained for | 
a large number of secreting tissues when these are stimulated | 
with acetylcholine (25). In particular, the situation with respect | 
to the pancreatic secretion of zymogens has been cited previously | 
(3). Here, the phenomenon is the secretion of granules of finite 
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size, which involves the cellular membranes in a rather specific 
way (28, 29). In various other studies of protein secretion such 
as that of the thyroid gland (80), and also in studies of secretion 
of small molecules (e.g. (26)), the pattern of stimulation of label- 
ing of phosphatides varied somewhat from case to case. Over- 
all, the impression is gained that it is the acidic phosphatides 
which exhibit most change, as is the case in the present study. 
It is tempting to note the similarities in the present situation in 
which particles are passing inward to the cell and secretion, in 
which outward passage of substances is involved, and to ascribe 
changes in the rates of synthesis or turnover of specific phospha- 
tides to their role, as membrane entities, in the passage of sub- 
stances into or out of cells. In the case, at least, of the phago- 
eytic phenomenon, such a link must await determination of the 
specific activities of intracellular phosphate pools, and their sizes, 
as affected by particle ingestion. The possibility that soluble 
substances which ordinarily penetrate slowly into leukocytes are 
permitted to enter more rapidly in the phagocytic vesicles must 
be considered (31). However, the rapidity with which the 
phenomenon of increased labeling of phosphatides becomes evi- 
dent (Fig. 5) to some degree offsets this possibility as a control- 
ling factor in the increased labeling of phosphatides. 

Information on possible changes in the intracellular pool of 
L-a-glycerophosphate would be especially important in assessing 
the relevance of the present observations in the phagocytic 
process. The phosphate moiety of this substance is retained in 
at least two (phosphatidic acid, inositol phosphatide) of the 
three phosphatide components most affected by phagocytosis 
(32, 33). The specific activity or concentration of L-a-glycero- 
phosphate might be affected by the spurt in glycolysis which 
accompanies particle uptake (1, 34). Finally, the effects of the 
release of lytic enzymes (including phosphatases) from the lyso- 
some-like granules of polymorphonuclear leukocytes, observed 
by Cohn and Hirsch (35) to occur during phagocytosis, must be 
considered. The effect of this release on the concentrations and 
turnover rates of cellular substances might be extremely impor- 
tant in metabolic patterns during particle uptake. 


SUMMARY 


Stimulation during phagocytosis of the incorporation of in- 
organic phosphate-P* into the total phosphatides of polymorpho- 
nuclear leukocytes was confirmed. The phosphatides of resting 
and phagocytizing leukocytes were then separated on small 
silicic acid columns and the identity of individual peaks estab- 
lished. Specific activity measurements were made on each phos- 
phatide type, and it was found that phagocytosis caused a large 
(about 6-fold) increase in the specific activity of phosphatidic 
acids. Inositol phosphatide and phosphatidyl serine specific 
activities increased about 3-fold. Phosphatidyl ethanolamine, 
lecithin, and sphingomyelin specific activities were low and not 
significantly affected. 

The effect of the phagocytic event on the incorporation of in- 
organic phosphate-P® into individual phosphatides was also 
studied as a function of time. It was found that the incorpora- 
tion of the label into phosphatidic acids was dramatically in- 
creased over the whole period of observation (60 minutes). 
Inositol phosphatide and phosphatidyl serine specific activities 
exhibited substantial increases at most time periods studied. 
The specific activities of phosphatidyl ethanolamine, lecithin, 
and sphingomyelin were not significantly affected at any time 
during the 60-minute period. 

From the data obtained on the composition of the leukocytic 
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phosphatide fraction, calculations were made on the increase in 
total activity of each phosphatide type, and the contribution of 
the increased activity of each type to the total increase in activity 
of the whole phosphatide fraction. The data are discussed with 
reference to possible involvement of phosphatides as components 
of cellular membranes in the phagocytic process, and are com- 
pared to the situation with respect to changes in phosphatide 
labeling in some secretion processes. 
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The identification of a myo-inositol-containing phospholipid 
isolated from beef brain (1) as a triphosphoinositide has been 
reported in earlier publications from this laboratory (2) and in 
a note by Dittmer and Dawson (3). It has been established 
(2) by periodate oxidation that the myo-inositol moiety in the 
intact triphosphoinositide is substituted on the 1, 4, and 5 or 
6 hydroxyl groups. When the phospholipid was hydrolyzed 
in base, several polyphosphate esters of myo-inositol were ob- 
tained (2). The mixture contained two triphosphates, two di- 
phosphates, and one monophosphate. The major triphosphate 
ester was established as being L-myo-inositol 1,4,5 (or 6)-tri- 
phosphate, whereas it was shown that one of the diphosphates 
was either L-myo-inositol 4,5- or 1,6-diphosphate. The mono- 
phosphate was identical in properties, with the exception of the 
infrared spectrum, with synthetic pt-myo-inositol 4-phosphate. 
Since it was optically active, the conclusion was that it must 
be one of the pure optical isomers of myo-inositol 4-phosphate. 

We have also pointed out the interesting fact that the absolute 
configuration of the L-myo-inositol 1 ,4,5(6)-triphosphate is the 
same as that found for soybean monophosphoinositide (4, 5) 
and more recently for a monophosphoinositide from horse liver 
(6). 

This paper presents further studies on the structures of the 
myo-inositol phosphate components from the brain phospho- 
inositide, and describes their complete characterization. The 
partially characterized di- and triphosphate esters obtained by 
base hydrolysis of the brain phosphoinositide now have been 
shown to be t-myo-inositol 4,5-diphosphate and t-myo-inositol 
1,4,5-triphosphate. The two components whose structures 
were not elaborated in the earlier reports are shown to be myo- 
inositol 1,4-diphosphate and myo-inositol 2,4 ,5-triphosphate. 
The close structural relationships of all of these compounds sug- 
gest an interrelated biochemical role. 


EXPERIMENTAL PROCEDURE 


Analytical Methods—The method of Fiske and SubbaRow (7) 
was used for the determination of phosphorus. Myo-inositol 
assays were done microbiologically by the method of Atkins, 
Williams, Shultz and Frey (8). Kloeckera brevis was used as the 
test organism rather than Saccharomyces carlsbergensis. Meas- 
urements of optical rotations were made on the cyclohexylamine 
salts in alkaline aqueous solution, with a Rudolph photoelectric 
polarimeter. Infrared spectra were determined in potassium 


* This research was supported by Grant A884 from the National 
Institute of Arthritis and Metabolic Diseases, United States Pub- 
lic Health Service. 


bromide pellets with a Baird-Atomic infrared model 4-55 spec- 
trophotometer. 

Chromatography—Chromatographic solvents and spray de- 
velopers were varied according to the compounds under exami- 
nation. Myo-inositol mono- and polyphosphates were chro- 
matographed on Whatman No. 1 filter paper in the solvent of 
Markham and Smith (9), 70 ml of isopropanol, 10 ml of NH,OH, 
20 ml of water, the descending technique at 30°. The mono- 
phosphate esters, which were well separated in 4 to 6 days, were 
located by the AgNO;-NaOH dip of Anet and Reynolds (10), 
whereas the polyphosphate esters, which required 6 to 8 days 
development for good resolution, were detected by the molyb- 
date spray of Axelrod and Bandurski (11). Chromatography 


of the sugar polyols, which resulted from the periodate oxidation | 


sequence, was carried out as described by Grado and Ballou | 


(2). 
Electrophoresis—This technique was used as a supplement to 
the chromatographic system (2) for identifying polyols. 


An } 


aqueous solution of the unknown was subjected to paper iono- | 


phoresis in a water-cooled apparatus (12). It was run on What- 


man No. 3MM paper along with authentic standard polyols in | 
saturated aqueous boric acid adjusted to pH 6.1 with sodium | 


hydroxide solution. The ionophoretogram was developed for 
13 to 2 hours at 2000 volts and a current of 15 ma. The polyols 
were detected with the periodate-benzidine spray (13). 


Preparative Isolation of Myo-inositol Phosphate Isomers—This 


was accomplished by combining ion exchange and paper chroma- | 
H 


tography according to Grado and Ballou (2). 


Characterization of Myo-inositol Polyphosphate Esters—Char- 
acterization was achieved by the combined application of four | 
general techniques: (a) periodate oxidation of the compound | 


followed by suitable reactions to obtain a distinctive polyol; (6) 
partial dephosphorylation of the esters by alkaline hydrolysis 


to obtain a mixture of their component myo-inositol monophos- | 
phates; (c) comparison of the susceptibility of the isomers to | 


phosphate migration under acid conditions; and (d) selective 
degradation of the triphosphate isomers to diphosphate com- 
pounds through the action of an alkaline phosphomonoesterase. 

Pertodate Oxidation, Reduction, and Dephosphorylation—Be- 
tween 4 and 40 uwmoles of myo-inositol phosphate was dissolved 
in 1 to 2 ml of 0.1 M sodium periodate. The reaction, which was 
left at room temperature, was followed by the change in ab- 
sorbancy at 260 my when a 0.03 ml aliquot of the solution was 
diluted to 3.03 ml with water. When periodate consumption 
had ceased, 100 mg of sodium borohydride were added and the 
mixture was allowed to stand for 5 to 8 hours. Destruction of 
the excess borohydride was accomplished by reducing the pH 
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to 2 with 1 Nn HCl. After hydrogen evolution had ceased, the 
pH was adjusted to 9.2 with 1 n NaOH. The total volume was 
increased to 15 ml with distilled water and 1 mg of MgCl. was 
added in addition to 5 mg of Armour’s alkaline intestinal phos- 
phomonoesterase. Both inorganic and total phosphate deter- 
minations were made on 0.2 ml aliquots at this stage. The 
solution was then incubated at 40° until all of the phosphate 
had been liberated from the polyol phosphate. The solution 
was concentrated to dryness under vacuum, and the residue was 
distilled several times with 1% methanolic HCl to remove the 
boric acid. The residue was again dissolved in water and de- 
ionized by a batchwise treatment with a mixed-bed ion exchange 
resin. The filtrate, after removal of the resin, was concentrated 
and the polyols present were identified by chromatography (2) 
and electrophoresis (12). 

Partial Dephosphorylation of Polyphosphate Esters by Alkali— 
The optimal conditions for partial dephosphorylation of poly- 
phosphate esters by this technique were determined empirically. 
A 1 to 2 wmole quantity of the ammonium salt of myo-inositol 
di- or triphosphate gave satisfactory chromatograms on which 
the myo-inositol monophosphates could be detected with the 
AgNO;-NaOH dip technique. An aqueous solution of the com- 
pound was placed in a small glass tube (0.5 x 12 cm) and the 
solution was concentrated to dryness at 90° in an oven. The 
tube was then cooled, and after 0.4 ml of 10 Nn NH,OH had 
been added, it was sealed and heated at 110°. For diphosphate 
isomers, 18 hours at this temperature was satisfactory, whereas 
the triphosphates were heated for 24 hours. After the heating 
period, the tubes were cooled and opened, and the contents were 
chromatographed directly without further treatment. Half of 
the solution, 0.15 to 0.2 ml, was applied to each of two chro- 
matograms. One chromatogram was developed for 3 days, 
whereas the other was allowed to run for 6 days to achieve maxi- 
mal resolution of the monophosphate esters. 

Acid-catalyzed Phosphate Migration—The conditions for these 
experiments were chosen on the basis of the results from migra- 
tion studies with myo-inositol monophosphates. Migration of 
the 1- and 2-phosphate esters (across cis hydroxyl groups) was 
apparent after 5 to 10 minutes of heating at 100° in 1 n HCl; 
20 minutes of heating caused migration across trans-orieated 
hydroxyls, t.e. onto position 4. Comparative lability among 
polyphosphate esters was studied in the following way. About 
1 to 2 umoles of each of the two isomers under examination was 
dissolved in 0.25 ml of water. After samples had been removed 
at this stage, the aqueous solutions were put in a water bath at 
100° and an equal volume of hot 2 N HCl was added. Samples 
for chromatography were removed after 5, 10, and 20 minutes. 
These samples were all chromatographed in a comparative man- 
ner with the isopropanol-NH,OH-water solvent system (9). A 
variation of the technique was used to distinguish between two 
triphosphate isomers, both of which underwent migration. 
From 3 to 5 umoles of compound were heated for 10 minutes in 
1 n HCl after which the solution was immediately neutralized 
and evaporated to dryness under vacuum. The acid-treated 
compound was oxidized with sodium periodate and the polyol 
products were compared to those obtained from the sample 
before acid treatment. 

Partial Dephosphorylation of Triphosphate Isomers by Alkaline 
Phosphomonoesterase—The myo-inositol triphosphate sample was 
converted to its ammonium salt. The salt was dissolved in an 
appropriate amount of water to yield a concentration of 0.75 to 
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TABLE I 


Comparison of periodate consumption and phosphate liberation 
between component IIb and myo-inositol 1, 4-diphosphate 





Sodium periodate 


coheaal Phosphate liberated 


Compound 





24 hours 7 days 24 hours 7 days 








moles/mole of compound | moles/mole of compound 

1,4- | 

3.7 8.0 0.68 1.75 
8.1 | 1 


(+) Myo-inositol 
diphosphate* 
Component JJb 


4.2 0.60 8 











* Kindly supplied by Dr. S. J. Angyal, University of New South 
Wales, Sydney, Australia. 


TABLE II 


Polyols from periodate oxidation, reduction, and dephosphorylation 
of myo-inositol polyphosphates 





Compound Polyol 





Component IJa p-Threitol* 


Myo-inositol 1,6-diphosphate Threitol 
Component JJb —T 
Component JIIa Sorbitol 
Myo-inositol 1,4,6-triphosphate Iditol 


Component IIIb p-Iditol (2) 








* Described previously (2) and confirmed herein. 
t See Table I. 


1.0 mm, and the pH of the solution was adjusted to 9 by the 
addition of concentrated NH,OH. The only further addition 
was alkaline intestinal phosphomonoesterase (2 to 4 mg). No 
Mg** ion was added. The mixture was incubated at 40° and 
the liberation of phosphate was determined in 0.2-ml aliquots 
of the solution. When these tests indicated that one-third of 
the phosphate had been released, the enzyme was inactivated 
by boiling the incubation mixture and subsequently evaporating 
it to dryness under vacuum. The results were assessed by chro- 
matography. 


RESULTS AND DISCUSSION 


Polyphosphate esters of myo-inositol can be characterized by 
their responses to a series of tests. The four tests which we 
have developed exploit some unique property of each ester. 
Their uses are discussed below. 

Periodate Oxidation Sequence—Periodate oxidation of a myo- 
inositol polyphosphate ester, followed by reduction of the result- 
ing dialdehyde and dephosphorylation of the polyol polyphos- 
phate ester, will yield a polyol, if the starting compound 
possessed free vicinal hydroxyl groups. The polyol formed is 
a function of the number of phosphate groups and their positions 
on the myo-inositol ring. Myo-inositol monophosphates are 
completely oxidized by periodate with the formation of inorganic 
phosphate, formic acid, and probably carbon dioxide (14-16). 
We have found that a myo-inositol p-diphosphate reacts in a 
similar manner (Table I). o-Diphosphates yield a tetritol (2) 
and m-diphosphates yield a pentitol. Myo-inositol triphos- 
phates will yield either a pentitol or hexitol by the reaction se- 


1R. V. Tomlinson and C. E. Ballou, unpublished observations. 
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TaBLe III 


Isomerization through acid-catalyzed phosphate migration 
of myo-inositol polyphosphates 








Rep in Markham-Smith solvent 
of isomers produced by heating 
for specified time* Polyols from acid- 


Compound treated compound 


0 minutes |10 minutes|20 minutes 


Component JJa 














0.36 0.36 0.22 
0.27 
0.36 
Myo-inositol 1,6-di- | 0.28 0.30 0.22 
phosphate 0.28 0.30 
| 0.28 
Component JJb | 0.22 0.22 | 0.22 
| 0.30 0.30 
| | 0.28 0.28 
| 
Component J//a |} 0.15 0.10 Iditol 
0.15 | Xylitol 
Sorbitol 
| a? il 
Myo-inositol 1,4,6- | 0.09 | 0.10 Iditol 
triphosphate | 0.15 | Myo-inositol 
Component JJIb 0.10 | 0.10 Iditol 
| 0.15 | Xylitol 
| Sorbitol 


* See text for conditions. 


TABLE IV 


Myo-inositol monophosphates obtained from myo-inositol 
polyphosphates by partial dephosphorylation 
with ammonia 


Starting material Products 


Myo-inositol-4-P, myo-inositol-5-P 
Myo-inositol-1-P, myo-inositol-4-P* 


Component J/a 
Myo-inositol-1,6-di- 
phosphate 
Component J/b 
Component J/Ia 


Myo-inositol-1-P, myo-inositol-4-P 

Myo-inositol-2-P, myo-inositol-4-P, myo- 
inositol-5-P 

Myo-inositol-1-P, myo-inositol-4-P, myo- 
inositol-5-P 


Component J/Ib 


* Myo-inositol-6-P and myo-inositol-4-P are enantiomorphs. 





quence (2) or in the case of the 1,3,5- and 2,4,6-triphosphates, 
they resist oxidation completely. The latter two compounds 
are distinguished by having planes of symmetry. Results ob- 
tained with the various compounds in this study are shown in 
Table IT. 

Controlled Acid Migration—Under appropriate acid conditions, 
migration of the phosphate group in a myo-inositol monophos- 
phate has been shown to occur (4), and the ease with which this 
is accomplished is dependent on the cis or trans orientation of 
the neighboring hydroxyl groups. Migration across vicinal cis 
hydroxyls is accomplished under milder conditions than those 
required for migration across vicinal trans-oriented groups. We 
find that extrapolation to myo-inositol polyphosphates is valid 
and that those polyphosphate esters which have a phosphate 
group on positions 1 or 2 undergo migration readily by heating 
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TABLE V 
Products obtained by partial dephosphorylation of myo-inositol 
polyphosphate esters with alkaline phosphomonoesterase 














Starting material Products* 
Component J/Ia | Myo-inositol 
Myo-inositol-1,6-di- | Myo-inositol 
phosphate 
Component JJb | Myo-inositol-1-P, myo-inositol-4-P 





Component IIIa 

Myo-inositol-1,4,6- 
triphosphate 

Component JIIb 


Myo-inositol-4,5-diphosphate 
| Myo-inositol-1,6-diphosphate 


| Myo-inositol-4,5-diphosphate 
| 





* Other than starting material and inorganic P. 


in acid and yield new isomers (Table III). 
isomers not having a phosphate group on either of these two 
positions show a greater relative stability under the same con- 
ditions, although migration can be made to occur even across 
vicinal trans groups.!»?. The products of periodate oxidation 
after acid migration under mild conditions can be used to dis- 
tinguish between two triphosphate isomers, both of which have 
one of the phosphate groups on positions 1 or 2 but which differ 
n other ways. For example, structures A and B would give 


OP 
PO | PO 1 
| 
| | OP | OP 
A B 


ditol by the periodate oxidation sequence. However, after 
controlled acid migration so that only the phosphate on position 
1 migrated, A would give iditol, sorbitol, and xylitol, whereas 
B would give only iditol and myo-inositol. 

Partial Dephosphorylation by Base—Phosphate monoesters 
are hydrolyzed under basic conditions by a mechanism which 
does not involve a cyclic intermediate. Thus, no migration 
will occur and partial dephosphorylation of a polyphosphate 
ester with alkali will yield products in which the remaining phos- 
phate groups occupy the same positions as they did in the origi- 
nal isomer. The technique has been used to degrade polyphos- 
phate esters to mixtures of their constituent monophosphate 
esters, for which authentic standards are available for chromato- 
graphic comparison (Table IV). 

Partial Dephosphorylation by a Phosphoesterase—It was ob- 
served during the course of an investigation of synthetic myo- 
inositol polyphosphate esters! that they were dephosphorylated 
by alkaline phosphomonoesterase. The dephosphorylation did 
not occur at random; instead, a phosphate group flanked by two 
unsubstituted hydroxyl groups was hydrolyzed more readily 
than a phosphate group adjacent to another phosphate group. 
The difference in rate of attack is sufficient to permit conversion 
of an appropriate triphosphate ester to an o-diphosphate ester 
(Table V). When the starting compound is an ortho-substituted 
myo-inositol diphosphate, no monophosphates are detectable 
due to the slowness of the initial attack compared to the rate of 
hydrolysis of the resulting monophosphates. However, if the 
two phosphate groups are separated, as in J/b, the initial hy- 
drolysis to give monophosphates is much faster and monophos- 
phates of myo-inositol can be detected as intermediates. 


2S. J. Angyal, Sydney, Australia, private communication. 
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‘The myo-inositol-containing hydrolysis products of the brain 
phosphoinositide used in this study showed the same ion ex- 
change column elution pattern and chromatographic character- 
istics as those described in the earlier paper (2) (Fig. 1). 

Component //b from the mixture of products is known to be 
an asymmetrically substituted myo-inositol diphosphate, since 
its phosphorus to myo-inositol ratio was 2 and it had a specific 
rotation of +3.4° (2). When oxidized with periodate, it gave 
inorganic phosphate in 90% yield (Table I). This response is 
characteristic of monophosphate esters of myo-inositol, and in 
the case of a diphosphate it requires a para orientation of the 
phosphate groups. Only myo-inositol 1,4-diphosphate could 
possess both para orientation and optical activity. This strue- 
PO_ L | 


| 





Tf op 7 


IIb 


ture for J7b was supported by the results of both alkaline hy- 
drolysis and acid migration. Partial hydrolysis by alkali yielded 
only myo-inositol 1-phosphate and myo-inositol 4-phosphate 
(Table IV), whereas mild treatment with acid converted it in 
part to two new isomers (Fig. 2 and Table III). The ease with 
which this migration was accomplished is characteristic of a 
phosphate group situated on positions 1 or 2 of myo-inositol, but 
not of one on positions 4 or 5. The characterization was con- 
firmed by a comparison of component J/b with authentic syn- 





IIb 
I-1,4,6-tri P 
Ta 
Ib 
I-1,6-di P 
IIa 











Fig. 1. Map of a typical chromatogram of some myo-inositol 
polyphosphates. J, myo-inositol; diP and triP, diphosphate and 
triphosphate, respectively. 


R. V. Tomlinson and C. E. Ballou 
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Fic. 2. Chromatograms of myo-inositol 1,4-diphosphate (1), 
myo-inositol 1,6-diphosphate (2), and myo-inositol 4,5-diphos- 
phate (3) before and after acid migration. 


thetic (+)-myo-inositol 1,4-diphosphate, with which it was 
identical both in chromatographic properties and in infrared 
spectrum. The compounds showed the following characteristic 
peaks expressed in cm-!: synthetic 1,4-diphosphate, 955 
(strong), 940 (shoulder), 860 (medium), 735 (medium), 685 
(medium); component J/b, 967 (strong), 940 (shoulder), 855 
(medium), 735 (medium), 680 (medium). 

Component //a also has a phosphorus to myo-inositol ratio of 
2 and is optically active. The product of periodate oxidation, 
reduction, and dephosphorylation has been shown to be p-threi- 
tol (2). Only two myo-inositol diphosphates could give this 
polyol; namely, the 4,5- and the 1,6-diphosphate, or a mixture 
of the two. The possibility that 77a was a mixture of these two 
isomers was excluded when we were able to synthesize! a second 


OP 
PO | | 
Sf, ) 
} 
= | OF 
Ila Myo-inositol 1,6-diphosphate 


chromatographically distinct, threitol-yielding diphosphate ester 
of myo-inositol. When these two isomers were subjected to 
partial hydrolysis by alkali, component //a yielded myo-inositol 
4- and 5-monophosphate, whereas the synthetic compound gave 
myo-inositol 1-phosphate and myo-inositol 4-(or 6)-phosphate 
(Table IV). These results are consistent with their relative 
susceptibility to acid migration. Compound //a was more re- 
sistant to acid migration than was the synthetic myo-inositol 
1 ,6-diphosphate. By virtue of its chromatographic distinction 
from myo-inositol 1 ,6-diphosphate, its periodate oxidation prod- 
uct (p-threitol), its partial degradation products (myo-inositol 
4-phosphate and myo-inositol 5-phosphate), and its relative 
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resistance to acid migration, component 77a must be L-myo- 
inositol 4 ,5-diphosphate. 

As is to be expected, both the synthetic myo-inositol 1 ,6-di- 
phosphate and synthetic myo-inositol 1 ,4-diphosphate gave the 
same products on base hydrolysis (Table IV) and the same 
isomers as a result of acid migration (Fig. 2). However, they 
differ characteristically in their response to periodate oxidation 
(Tables I and IT). 

Component ///b of the hydrolysis mixture was shown previ- 
ously to have a phosphorus-myo-inositol ratio of 3 and a specific 
rotation of —27.4°, and to yield p-iditol on periodate oxidation 
(2). Therefore, two of the phosphate groups must be on posi- 
tions 1 and 4 of the myo-inositol ring. Partial enzymatic de- 
phosphorylation of J7/b yielded component J/a, which we have 
shown is myo-inositol 4,5-diphosphate. Therefore, component 
IIIb must be L-myo-inositol 1,4,5-triphosphate. This struc- 


PO | PO | 
an 
Mbp ‘, = ip — p-Iditol 
\_/ | \, | 
wm tt oF 
IIa IIIb 


tural assignment was confirmed by the nature of the products of 
partial alkaline hydrolysis, myo-inositol 1-phosphate, myo-inosi- 
tol 4-phosphate, and myo-inositol 5-phosphate (Table IV). 

Component ///a of the hydrolysis mixture had a phosphorus- 
myo-inositol ratio of 3 and a specific rotation of —15.3° (2). 
The periodate oxidation product of this compound was converted 
to sorbitol, a result compatible with only a 2,3,5- or a 2,4,5- 
triphosphate ester of myo-inositol. Partial dephosphorylation 
with a phosphomonoesterase yielded a diphosphate that was 
chromatographically identical with component //a. This di- 
phosphate from ///a gave threitol by the periodate oxidation 
sequence, and only myo-inositol 4,5-diphosphate. 
Therefore, component ///a must be myo-inositol 2,4, 5-tri- 
phosphate. The products of partial hydrolysis by alkali sup- 
port this structural assignment. They are myo-inositol 2-phos- 
phate, myo-inositol 4-phosphate, and myo-inositol 5-phosphate 
(Table IV). The presence of myo-inositol 2-phosphate and 
absence of the 1-phosphate in the products of partial alkaline 
hydrolysis alone makes it mandatory that ///a be the 2,4,5- 
triphosphate, since component ///a is optically active. 

Acid migration studies also confirm this as the structure. 
Component ///a underwent migration in hot acid to yield an 
isomer chromatographically identical with component ///b. 
Iditol and xylitol, as well as the original sorbitol, were obtained 
by the periodate oxidation of the acid treated compound (Table 


can be 


III). This change would result from the following reaction se- 
quence: 
PO PO | PO | 

| — | 

A. » oe > — OP 

\_/| | 

PO OP 

ITla 


From these studies, it is now possible to write the following 
structures for the myo-inositol phosphate esters obtained by 
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base hydrolysis of beef brain polyphosphoinositide. The same 


numbering system is used as in previous reports (2) so that the 


PO PO PO | PO | PO 
py), Kory Ky Kt) 
(OP ) OP ), OP > IK \ 
a, mers x | ‘. | aod 
OP | a | | OF | 
OP 
ITIb IIIa Ila IIb Ib 


structures can be easily related back to the components in those 
publications. Components //a, IIJa, and I/Ib all. have in 
common the location of phosphate groups on positions 4 and 5, 
They differ in a way that suggests either migration or elimina- 
tion of a phosphate group that occupied position 1 in the origi- 
nal lipid. Components /b and //b both have a phosphate group 
on position 4, whereas //b has the additional phosphate on po- 
sition 1. These relationships have important implications con- 
cerning the structure of the brain phosphoinositide(s), and fur- 
ther work underway in this laboratory will define in more detail 
the significance of these similarities. 


SUMMARY 


1. Four methods are described which, when used in conjune- 
tion, can lead to the characterization of complex myo-inositol 
polyphosphate esters. These methods involve periodate oxida- 
tion, acid-catalyzed migration, and partial dephosphorylation 
by ammonia and by a phosphoesterase. 

2. The four myo-inositol polyphosphate components obtained 
by alkaline hydrolysis of a beef brain phosphoinositide prepara- 
tion have been characterized as L-myo-inositol 1 ,4,5-triphos- 
phate, myo-inositol 2,4,5-triphosphate, L-myo-inositol 4, 5- 
diphosphate, and myo-inositol 1 ,4-diphosphate. 
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The Structure of the Phosphoinositide Complex of Beef Brain* 
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In recent papers from this laboratory (1), the myo-inositol 
phosphates obtained by alkaline hydrolysis of a beef brain inosi- 
tide preparation (the “diphosphoinositide” of Folch (2)) have 
been described. u-Myo-inositol 1,4,5(6)-triphosphate was 
found to be the major component along with three other myo- 
inositol polyphosphates, which indicated the presence of a “tri- 
phosphoinositide” in beef brain. Subsequently, the structure 
of this triphosphate was established as L-myo-inositol 1 , 4, 5-tri- 
phosphate, and the other three myo-inositol polyphosphates 
were shown to be t-myo-inositol 4,5-diphosphate, myo-inositol 
1,4-diphosphate, and myo-inositol 2,4,5-triphosphate (3). 
Myo-inositol 4-phosphate was also isolated from the base hy- 
drolysate. Inasmuch as all of these products are interrelated in 
terms of the positions occupied by the phosphates, a structure 
was proposed that could explain their formation from a single 
lipid (1). 

At the same time, Dittmer and Dawson described (4) the 
isolation of two “triphosphoinositide’ components from ox 
brain. One was reported to contain glycerol, myo-inositol, phos- 
phate, and fatty acid in the molar ratios of 1:1:3:2; whereas the 
other contained the same components in the molar ratios of 
3:2:6:6. Both would be deacylated to yield glycerol myo-inosi- 
tol triphosphate (4, 5). No data on structural analyses were 
reported, although alkaline degradation of both components was 
stated to give myo-inositol triphosphate. 

Since dearylation of phosphoinositides leads to products 
which are more amenable to separation and structural analysis 
than are the intact lipids, we have applied this reaction to our 
preparation of brain polyphosphoinositide. The lipid was de- 
acylated with hydroxylamine (6), and the resulting mixture of 
glycerol myo-inositol phosphates was separated by ion exchange 
chromatography. The presence of glycerol myo-inositol phos- 
phate could be demonstrated, and glycerol myo-inositol diphos- 
phate, as well as glycerol myo-inositol triphosphate, were iso- 
lated in pure state. Evidence is presented that the glycerol 
myo-inositol phosphate is identical with that obtained from 
soybean phosphoinositide (7, 8) and from horse (9) and beef 
liver (10) inositides. From studies of the deacylated com- 
pounds, the complete structures and absolute configurations of 
glycerol myo-inositol diphosphate and glycerol myo-inositol 
triphosphate have been determined. Glycerol myo-inositol 
phosphate, diphosphate, and triphosphate are interrelated in 
such a way as to suggest a stepwise phosphorylation of the 
monophosphoinositide in the biosynthesis of the di- and triphos- 
phoinositide. 


* Supported by Grant A884 from the National Institute of 


Arthritis and Metabolic Diseases, United States Public Health 
Service. 


EXPERIMENTAL PROCEDURE 


Analytical Methods—Phosphorus was determined by King’s 
method (11), glycerol, according to Hanahan and Olley (12), 
and nitrogen, by the micro-Kjeldahl procedure. Myo-inositol 
was assayed by a microbiological procedure (13) with Kloeckera 
brevis. 

Paper Chromatographic Methods—Samples containing 10 to 
30 wg of phosphorus were determined by descending chromatog- 
raphy on Whatman No. 1 paper. Two solvent systems were 
used: solvent A, n-propanol-ammonia-water (5:4:1) (14); and 
solvent B, iso-propanol-ammonia-water (7:2:1) (15). 

Materials—The phosphoinositide was prepared by extraction 
of beef brain carried out according to Folch (2). The crude 
inositide fraction was reprecipitated six times from chloroform 
with methanol, and then dialyzed for 2 days against running 
water. 

Bacterial phosphatase (Escherichia coli mutant), as a suspen- 
sion of 10 mg of enzyme in approximately 1.5 ml of 0.65% 
saturated (NH,)sSO,, was purchased from Worthington Bio- 
chemical Corporation. 


PROCEDURE AND RESULTS 


Deacylation of Inositide—A solution of hydroxylamine was 
prepared by adding 350 mg (5 mmoles) of NH.OH-HCI, dis- 
solved in 5 ml of ethanol, to 320 mg (8 mmoles) of NaOH in 5 
ml of methanol. The NaCl formed was removed by centrifuga- 
tion, and the solution was added to 500 mg of inositide (approxi- 
mately 0.5 mmole) in 40 ml of moist chloroform. The mixture 
was shaken gently at room temperature for 10 minutes, 3 g of 
ion exchange resin Dowex 50-H+ and 20 ml of water were added, 
and the emulsion was passed through a column that contained 
12 g of Dowex 50-H*. The final washing of the column was 
with 50% ethanol. The combined eluate was made clear by 
addition of a sufficient amount of ethanol, and the water-ethanol 
layer was extracted twice with chloroform, once with ether, and 
subsequently was neutralized with cyclohexylamine. The 
ethanol was then removed by evaporation in a vacuum at room 
temperature. The aqueous solution contained 29 mg of P, 
whereas the organic layers contained a total of 1 mg of P. 

Fractionation of Glycerol Myo-inositol Phosphates by Ion Ex- 
change Chromatography—The water-soluble phosphate, (28 mg 
of P) in 25 ml of water, was applied to a column (1.2 < 48 cm) 
of Dowex 1-Cl-, 200 to 400 mesh. Gradient elution with aque- 
ous LiCl] was carried out, with 200 ml of water in the mixing 
chamber and 500 ml of 0.4 m aqueous LiCl in the reservoir. 
The rate of elution was approximately 0.7 ml per minute. Frac- 
tions of 4.5 ml were collected and analyzed for total phosphorus 
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Fia. 1. Ion exchange chromatography of glycerol myo-inositol 
phosphates. 


10 20 


TaBceE [| 


Ion exchange chromatography of glycerol myo-inositol phosphates 





Fraction ran? ee Composition | myo-inostl 
| % mole % 
I | Glycerol myo-inositol phos- | 20 
phate (34%) 
29-36 | 14 | Glycerol-P, Pj, myo-inositol 
| phosphate 
II | 13 | Glycerol myo-inositol di- 22 
phosphate 
54-62 | 2.5 Myo-inositol diphosphate 
III | 51 Glycerol myo-inositol tri- 58 
phosphate 











* The values give the per cent of the total glycerol myo-inositol 
phosphates represented by Fractions I, II and III. This does not 
represent the composition of the total brain phosphoinositide, 
since fractionation undoubtedly occurs during isolation. 


(Fig. 1). Table I shows the quantitative distribution of phos- 
phorus in each peak. The pooled fractions were taken to dry- 
ness at room temperature in a high vacuum, and the LiCl was 
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removed by extraction with absolute ethanol. The ethanol- 
insoluble lithium salts of the phosphate compounds were then 
converted to the free acids with Dowex 50-H+, and the aqueous 
solution was immediately neutralized with cyclohexylamine. 
Fractions 24 to 36 were shown by paper chromatography to 
contain glycerol phosphate, inorganic phosphate, and a trace of 
myo-inositol monophosphate. Fractions 54 to 62 contained 
myo-inositol diphosphate. 

Glycerol Myo-inositol Phosphate—The analytical data obtained 
for Peak I are given in Table II. This fraction gave a positive 
ninhydrin reaction. By paper chromatography in solvent B, 
it could be resolved into two phosphorus-containing components, 
one of which reacted with alkaline AgNO; and corresponded in 
Rr to 1-(glyceryl-phosphory])-myo-inositol obtained from beef 
liver inositide (10). After alkaline hydrolysis, myo-inositol 
1-phosphate and myo-inositol 2-phosphate were detected by 
paper chromatography in the proportions typical for the prod- 
ucts of hydrolysis of beef liver and soybean monophosphoinosi- 
tide (7) (Table II]). No myo-inositol diphosphates or triphos- 
phates were present. Peak I must, therefore, contain 34% of 
its phosphorus as 1-(glyceryl-phosphoryl)-myo-inositol. This 


conclusion is supported by the high negative optical rotation | 


(Table II), half of which is accounted for by the (glyceryl-phos- 
phoryl)-myo-inositol present (reported [mM] = —58.5° (10)). 
The analytical data of the fraction, and its positive ninhydrin 
reaction, would agree with the assumption that the (glyceryl- 
phosphory])-myo-inositol is accompanied by (glyceryl-phospho- 
ryl)-ethanolamine. Further identification of the accompanying 
material was not attempted. 

Glycerol Myo-inositol Diphosphate—The analytical data of 
Peak II are given in Table II. On paper chromatography, the 
material gave one spot in both solvent mixtures, with Ra-giycerol-p 
of 0.78 in the n-propanol solvent, and 0.68 in the isopropanol 
solvent (R of a-glycerol-P = 1). The products of alkaline hy- 
drolysis are shown in Fig. 2 and Table III. 

Position of Glycerol Phosphate Group in Glycerol Myo-inositol 
Diphosphate and Absolute Configuration of Myo-inositol 1 ,4-Di- 
phosphate—The basic structure of the myo-inositol 1 ,4-diphos- 
phate from beef brain lipid has been established previously (8). 
However, the absolute configuration remained unknown, al- 
though it could be assumed that it possesses the L-myo-inositol 
1,4-diphosphate structure analogous to the 1L-myo-inositol 
l-phosphate obtained from monophosphoinositides. To clarify 
this point, the phosphate group in position 4 of the glycerol 
myo-inositol diphosphate was removed by the action of alkaline 


TABLE II 


No. } 























Results of various analyses on glycerol myo-inositol phosphate, diphosphate, and triphosphate 


| 





Specific rotationt | Molecular rotation | 
components | | oe > 
Fraction | detected by | Phosphate* |Myo-inositol*| Nitrogen* | Glycerol* -—"~oE a a Composition 
paper chro- Bly Basic Acidic | Basic Acidic 
matography solution | solution | solution | solution 
led ——s EE! ee Le See: ex PS a a ee 
moles/mole compound | 
I 2 1 0.34 0.63 0.95 0.88 | | —39° | Glycerol myo-inositol 
| | phosphate (34)% 
II 1 2 1.07 0.03 0.95 0.96 —5.5°| —4.8°| —27° |—23.5° | Glycerol myo-inositol 
| | y y 
| (ec 1.5) | (e 1.5) | diphosphate 
III 1 3 0.94 0.04 0.97 1.05 | —3.3°| —1.1°| —16° | —5.5° | Glycerol myo-inositol 
| (ec 7.5) | (e 7.5) triphosphate 
' 

















* Calculated on the basis of assumed integer values for phosphorus content in each component. 





t The concentration was calculated on the basis of the free acids and determined from total phosphorus analysis. 
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bacterial phosphatase (16), and the optical rotation of the re- 
sulting glycerol myo-inositol phosphate was measured. 

To approximately 140 uwmoles of glycerol myo-inositol diphos- 
phate, as the cyclohexylamine salt in water, were added 0.05 
ml of 0.1 M MgCl: and 8 ul of bacterial phosphatase suspension 
(approximately 50 wg of protein). The pH was adjusted to 8.2, 
which gave a total volume of 5.2 ml. After 21 hours of incuba- 
tion at 40°, 48% of the total phosphorus had been released as 
inorganic P. Paper chromatography showed the presence of 
inorganic P and glycerol myo-inositol phosphate only. The 
solution was shaken with a little charcoal and clarified by cen- 
trifugation. It contained 2.29 mM of organic P per 100 ml. 
The observed @ (1-dm tube) was —0.128°, from which the mé- 
lecular rotation was calculated for the glycerol myo-inositol 
phosphate to be [m], —56°. The reported value is [mM], —58.5° 
(10). Alkaline hydrolysis of the reaction mixture yielded myo- 
inositol 1-phosphate and myo-inositol 2-phosphate in the ex- 
pected proportion (7). 

Degradation of Glycerol Myo-inositol Diphosphate to M yo-inosi- 
tol 1 ,4-Diphosphate—As a further confirmation of the structure 
of glycerol myo-inositol diphosphate, this compound was sub- 
jected to partial oxidation with NalQ,, followed by treatment 
with phenylhydrazine as described by Brown et al. (17). Paper 
chromatography showed that the myo-inositol 1 ,4-diphosphate 
had been formed, and no other diphosphate was detected. 

Glycerol Myo-inositol Triphosphate—The analytical data of 
Peak IIT are given in Table II. The material gave one spot on 
paper chromatography, Ra-giyceroi-p 0.56 in solvent A and 0.45 
in solvent B (R of a-glycerol-P = 1). The products of alkaline 
hydrolysis are shown in Fig. 2 and Table ITI. 

Position of Glycerol Phosphate Group in Glycerol Myo-inositol 
Triphosphate—To 0.1 mmole of glycerol myo-inositol triphos- 
phate, as the cyclohexylamine salt in water, were added 0.05 ml 
of 0.1 mM MgCl. and 15 ul of bacterial phosphatase suspension 
(100 ug of protein). The pH was adjusted to 8.2, which gave a 
total volume of 10 ml. After one day at 40°, 32% of the total 
phosphorus had been released as inorganic P. Bacterial phos- 
phatase suspension, 20 ul (130 ug of protein), was added at this 
point. After 4 days at 40°, 51% inorganic phosphorus was 
found. Paper chromatography showed the presence of inorganic 
phosphorus, glycerol myo-inositol phosphate, and some remain- 
ing glycerol myo-inositol triphosphate. The glycerol myo- 
inositol phosphate, eluted from the paper, yielded, on alkaline 
hydrolysis, the expected mixture of myo-inositol 1-phosphate 
and myo-inositol 2-phosphate. Therefore, the glycerol phos- 
phate was bound in position 1 of the myo-inositol. This was 
confirmed by degradation of the glycerol myo-inositol triphos- 
phate with NalO, and phenylhydrazine (17). 
inositol 1 ,4,5-triphosphate was formed. 

Ratio of Products of Alkaline Hydrolysis of Glycerol Myo- 
inositol Diphosphate and Triphosphate—Samples of the glycerol 
myo-inositol phosphates were hydrolyzed in N NaOH for 1 hour 
on the steam bath. After removal of the sodium ions by Dowex 
50-H*, the hydrolysis products were separated on Whatman No. 
3MM paper by procedure A. The phosphate-containing spots 
were cut out, the papers were eluted with water, and the total 
phosphate content of each fraction was determined. 
are given in Table IV. 


Only myo- 


The results 


DISCUSSION 


The presence of monophosphoinositide in beef brain has been 
reported by Hérhammer et al. (18). Ellis et al. (19) found 


H. Brockerhoff and C. E. Ballou 


1909 


TABLE III 


Myo-inositol phosphates obtained by alkaline hydrolysis of the 
glycerol myo-inositol phosphates (Fig. 2) 





Compound 


Major products | Minor products 





I | Myo-inositol-1-P(7, 8) | 
II | Myo-inositol-4-P (1), Myo- 
inositol-1,4-P2(3) | 


Myo-inositol-2-P(7, 8) 
Myo-inositol-2,4-P2(3) 


III Myo-inositol-1,4,5-P3(1, Myo-inositol -4,5- Pe(1, 
3) 3), Myo-inositol-2,4,5- 
P3(3) 





TaBLe IV 


Alkaline hydrolysis of glycerol myo-inositol phosphates 





Ratio of phosphate esters produced 





Compound hydrolyzed 





Myo- 
| Glycerol-P | inoatol incaitol | — 
| phosphate diphosphate phate 
mole % mole % mole % mole % 
Glycerol myo-inositol | 65 35 
phosphate (17) 
Glycerol myo-inositol di- | 48 52 
phosphate | 
Glycerol myo-inositol | -26 74 
triphosphate | 








glycerol myo-inositol phosphate among the products of mild 
hydrolysis of Folch’s ‘“diphosphoinositide.”” No structural 
analysis of the compound was given by these authors. Although 
the compound was not isolated in pure form, the experiments 
reported in the present study lead to the conclusion that the 
monophosphoinositide of beef brain is identical with that of 
soybean and beef and horse liver, which is 1-phosphatidyl-.- 
myo-inositol (7-10). The glycerol myo-inositol phosphate 
found by Ellis et al. (19) in ‘“‘diphosphoinositide”’ accounted for 
6% of the total phosphorus in his preparation. This agrees with 
the findings reported here (Table I). However, the actual con- 
centration of monophosphoinositide in brain may be considerably 
higher, since these studies were done on highly fractionated 
material. Paper chromatographic tests according to Hérham- 
mer et al. (18) indicate that the monophosphoinositide is partially 
removed during the purification of polyphosphoinositide by the 
repeated reprecipitations. 

1-(Glyceryl-phosphory]l)-Lt-myo-inositol 4-phosphate is 
scribed for the first time in this study. This structure is assigned 
to Fraction 77 on the following facts. The compound has the 
molar ratios: glycerol, 1; myo-inositol, 1; phosphorus, 2; a- 
linked glycerol, 1. Removal of the glycerol by the procedure 
of Brown (17) gives myo-inositol 1,4-diphosphate, whereas 
removal of the monoesterified phosphate group by a phospho- 
monoesterase gives _1-(glyceryl-phosphory!)-L-myo-inositol. 
Base hydrolysis of IJ gives myo-inositol 4-phosphate, and myo- 
inositol 1,4- and 2,4-diphosphates. These reactions are ex- 
plained on the basis of the structure for JJ. 

By a similar series of reactions, Fraction 777 has been shown 
to be 1-(glyceryl-phosphoryl)-myo-inositol 4 ,5-diphosphate. 
Analysis established the following molar ratios: glycerol, 1; 
myo-inositol, 1; phosphorus, 3; a@-linked glycerol, 1. Removal 
of the glycerol gave myo-inositol 1,4,5-triphosphate, whereas 


de- 
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Structure of Brain Phosphoinositide 
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H.0;PO _ | rH:0;PO | . 
oO OH- + Myo-inositol-4-P 
| No + Glycerol-P 
| | O—P—O—CH: | l + Glycerol 
| | O—P=0O 
HO HCOH | 
| 5 OH | 
II H.COH 
1) NalO, 


2) ONHNH2 
Myo-inositol 1 ,4-diphosphate 


enzymatic hydrolysis of the two monoesterified phosphate groups 
gave 1-(glyceryl-phosphoryl)-myo-inositol. Base hydrolysis of 
III gave myo-inositol 1,4 ,5- and 2,4,5-triphosphates as well as 
the 4,5-diphosphate. These reactions can be pictured as in ///. 








H:0;PO | 
7 eg OH- 
OPO; O Bt Ar 
- wo 
| O—P—O——CH; 
| | 
HO HCOH 
. | a 
III H:COH 
1) NalO, 
2) ONHNH2 
Myo-inesitel 1,4,5-triphosphate Myo-inositol 1 
A B 
I-1,4,5-P3 1-1,4,5-P3 
-2,4,5-P 
1-2,4,5-P3 ——— "s 
I-1,4-Po 
I-1|,4—Po 
I-2,4-Po2 I-4,5-Po2 
I-4,5-Po 
L-i-P 
I-I-P : 
I-4-P siti 
a-GP 
a-GP " 
B-GP B-GP 
Fic. 2. Phosphorylated products from the alkaline hydrolysis 


of GIP» (B) and GIP; (C), chromatographed by procedure A, 
compared with a standard mixture from the hydrolysis of the total 
inositide mixture (A). The identity of each component is given 
in the margin of the figure. 


-H2O0;P0O | 7] 


Myo-inositol 1 ,4-diphosphate + myo-inositol 


2,4-diphosphate 


The presence of Compounds /, //7, and /// in the deacylated 
brain phosphoinositide preparation suggests that the original 
lipid is a mixture of 1-phosphatidyl-L-myo-inositol, 1-phospha- 
tidyl-L-myo-inositol 4-phosphate, and 1-phosphatidyl-t-myo- 


| ‘OPO:H + Myo-inositol-4,5-diphosphate 
= \o + Glycerol-P 


er + Glycerol 





.4,5-triphosphate + myo-inositol 2,4,5-triphosphate 


inositol 4,5-diphosphate. The 1-phosphatidyl-L-myo-inositol 


4-phosphate might be related to the “diphosphoinositide”’ of 


Folch, although it has the phosphate groups in para positions 
rather than the meta arrangement suggested by Folch. The 
proof that brain phosphoinositide is a mixture of the three com- 
), that the triphospho- 
a di-phosphatidyl-myo-inositol 4-phosphate, 
The myo-inositol phosphates produced on base 


pounds makes the previous suggestion (1 
inositide might be 
unnecessary. 
hydrolysis are adequately accounted for by the reactions expected 
for a mixture of 7/7 and ///. Fig. 2 illustrates this point clearly, 
since the chromatographic pattern given by the total phospho- 
inositide is obviously the result of the individual patterns given 
by the isolated glycerol myo-inositol diphosphate and _triphos- 
phate. 

Fig. 2 also emphasizes the interesting point that the base 
hydrolysis of glycerol myo-inositol diphosphate yields more 
glycerol phosphate than the hydrolysis of glycerol myo-inositol 
triphosphate. Table IV compares the actual amounts of 
glycerol-P and myo-inositol phosphate, diphosphate, and _tri- 
phosphate obtained from base hydrolysis of all three compounds 
It is clear that as additional phosphate groups are substituted on 
the ring, the base hydrolysis proceeds to a greater extent with 
These 
differences in chemical property must reflect some basic differ- 


elimination of glycerol rather than glycerol phosphate. 


ences in conformation or secondary structure of the various 
compounds. 

The structure of 1-phosphatidyl-L-myo-inositol 4-phosphate 
suggests that it is a metabolic intermediate between 1-phos- 
phatidyl-myo-inositol and 1-phosphatidyl-myo-inositol 4 ,5- 
diphosphate, i.e. that 1-phosphatidyl-myo-inositol is phos- 
phorylated first in position 4 and then in position 5. Possibly, 
a similar pathway is followed in plants and carried further to the 
stage of phytic acid; this would explain why no direct enzymatic 
phosphorylation of myo-inositol has yet been demonstrated. 


' Although myo-inositol kinase activity has been claimed for 
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H:0;P0 
| 0 0 
( b>—b—o—cH, (6—b—o— 
HO CHOCOR Hd 
bu.ocor 


The 1-phosphatidyl-L-myo-inositol 4,5-diphosphate described 
here is apparently similar to the “triphosphoinositide” of 
Dittmer and Dawson (4). These authors also describe the 
deacylation product glycerol myo-inositol triphosphate, al- 
though they have not reported on the structure of the compound. 


SUMMARY 


The phosphoinositide from beef brain was deacylated with 
hydroxylamine, and the products were separated by ion exchange 
chromatography. Three glycerol myo-inositol phosphates were 
found. These were characterized as glycerol myo-inositol 
phosphate, glycerol myo-inositol diphosphate, and glycerol myo- 
inositol triphosphate. 

The glycerol myo-inositol phosphate was demonstrated by 
group analysis, paper chromatography, and the finding that 
myo-inositol 1- and 2-phosphate were products of alkaline hy- 
drolysis. From the optical activity, it was concluded that this 
compound was identical with the compound from beef and horse 
liver, namely, 1-(a-glyceryl-phosphory])-Lt-myo-inositol. 

The glycerol myo-inositol diphosphate was obtained in pure 
state. On alkaline hydrolysis, it yielded myo-inositol 1,4- and 
2,4-diphosphate and myo-inositol 4-phosphate. Selective re- 
moval of the glycerol gave myo-inositol 1,4-diphosphate. 
Through treatment with a phosphomonoesterase, 1-(a-glycery]- 
phosphoryl)-L-myo-inositol was obtained. Thus, the structure 
of the compound was established as 1-(a-glyceryl-phosphory])- 
L-myo-inositol 4-phosphate. 

The glycerol myo-inositol triphosphate, also obtained in pure 
state, gave myo-inosito] 1,4,5- and 2,4,5-triphosphates and 
myo-inositol 4,5-diphosphate on alkaline hydrolysis. Removal 
of the glycerol produced myo-inositol 1,4,5-triphosphate. On 
removal of two phosphate groups with the phosphomonoesterase, 
a glycerol myo-inositol phosphate was formed which on base 
hydrolysis yielded myo-inositol 1- and 2-phosphate. These 
results establish the structure of the compound as 1-(a-glycery]- 
phosphory])-L-myo-inositol 4 , 5-diphosphate. 





hexokinase (20), Paulus and Kennedy (21) have been unable to 
demonstrate such activity. Our attempts to confirm the results 
reported in reference 20 (Gillett and Ballou, unpublished observa- 
tions) have been unsuccessful. 
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H,0;P0 \ 
g PO:H: \, O 
CH, | | O— L_o_cH, 
cHocoR HO CHOCOR 
bH,0COR H:0COR 


On the assumption that only the glycerol portion is acylated 
in the original lipids, these studies allow the description of the 
beef brain phosphoinositide as a complex of substances which 
contain 1-phosphatidyl-L-myo-inositol, 1-phosphatidyl-t-myo- 
inositol 4-phosphate, and 1-phosphatidyl-t-myo-inositol 4,5- 
diphosphate. 
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XIII. DETERMINATION OF THE STRUCTURE OF CEREBROSIDES FROM WHEAT FLOUR* 
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(Received for publication, February 16, 1961) 


Since the initial work of Bamberger and Lansiedel in 1905 (3), 
numerous attempts have been made to isolate cerebrosides from 
such plant materials as seeds (4), fungi (5-8), and oak wood (9). 
The crude materials obtained were not well characterized and 
indeed doubt exists as to whether these preparations actually 
contained any cerebroside. Recently, we reported evidence (10) 
for the presence of a minor cerebrosidelike constituent of the 
glycolipid fraction of wheat flour lipid. In view of the uncertainty 
as to the existence of cerebrosides in plants, it seemed of interest 
to isolate and further characterize this material. The work pre- 
sented in this communication establishes the presence in wheat 
flour of a mixture of cerebrosides derived from at least three dif- 
ferent long chain bases, one of which has not been detected pre- 
viously. 

Cerebroside fractions were readily obtained from crude wheat 
flour glycolipid or from purified galactosyl-glycerol lipid frac- 
tions by an alkaline hydrolysis to destroy ester groups. These 
crude fractions on further purification yielded material analyzing 
correctly for a cerebroside and giving very similar infrared spec- 
tra. Acid hydrolysis of the purified cerebroside fraction gave 
glucose, a mixture of fatty acids of which the main constituent 
was a-hydroxystearic acid, and a long chain base fraction. 
These results establish the presence in wheat flour lipids of glu- 
cocerebroside(s). 

In previous work with sphingolipids, we have found sphingo- 
sine and dihydrosphingosine to be present in animal but not in 
plant tissues; whereas phytosphingosine, the major constituent 
of plant sphingolipids, was not detected in animal lipids. It 
therefore seemed likely that the wheat cerebroside would have 
structure I. 
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National Institutes of Health, United States Public Health 
Service. A preliminary report of part of this work has been pub- 
lished previously (1). Paper XII in this series is reference (2). 
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Such a compound should react with 3 moles of periodate yielding 
pentadecanal as one of the products. The cerebroside, however, 
consumed only slightly more than 2 moles of periodate and little 
long chain aldehyde was formed. These observations made it 
necessary to investigate more carefully the composition of the 
long chain base fraction. 

Preliminary attempts to obtain a homogeneous acetyl or ben- 
zoyl derivative from the long chain base fraction were unsuccess- 
ful. The cerebroside fraction showed a trans double bond peak 
in the infrared. This was abolished by catalytic hydrogenation. 
Acid hydrolysis of the reduced cerebroside gave a long chain 
base fraction which again failed to yield homogeneous deriva- 
tives. These results strongly indicated that a mixture of bases 
was present and in view of the well known acid lability of both 
sphingosine and phytosphingosine another degradative approach 
seemed desirable. For this purpose, a new procedure for the 
degradation of cerebrosides was devised (2) involving periodate 
cleavage of the glycosidic moiety, reduction of the dialdehyde 
with NaBHy, and cleavage to the ceramide under very mild acidic 
conditions. In this way, excellent yields of pure erythroceramide 
are obtained from phrenosin and kerasin. 

Application of this procedure to unsaturated wheat flour cere- 
broside gave a crystalline ceramide which on alkaline hydrolysis 
yielded a base fraction from which pure dihydrosphingosine de- 
rivatives could be obtained readily. However, better yields of the 
dihydrosphingosine derivative resulted when the ceramide was 
reduced before hydrolysis. These results establish for the first 
time the presence in plant sources of a dihydrosphingosine-con- 
taining cerebroside and suggest that an unsaturated congener is 
also present. That this latter substance is not sphingosine is in- 
dicated by our failure to obtain the triacetyl derivative. 

It should be noted that the above data do not exclude the pres- 
ence of phytosphingosine (or dehydrophytosphingosine) inas- 
much as these bases would have been destroyed in the periodate 
degradation step. In order to get a complete picture of the long 
chain base pattern the analytical method of Sweeley and Mosca- 
telli (11) was applied to the mixture of bases obtained by acidic 
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hydrolysis of the original cerebroside mixture. In this proce- 
dure, the long chain base is cleaved by periodate and the result- 
ing aldehyde(s) is identified by vapor phase chromatography. 
Unsaturated aldehydes can be reduced to saturated aldehydes as 
a further means of characterization. The data on retention time 
given in Table I and Fig. 1 clearly show that the wheat flour 
cerebroside contains three major bases and one minor component. 
Peaks a and c are pentadecanal and hexadecanal derived, respec- 
tively, from phytosphingosine and dihydrosphingosine. Peaks 
b and d are converted to Peaks a and c on hydrogenation and 
must, therefore, represent unsaturated derivatives of phyto- 
sphingosine and dihydrosphingosine, respectively. Peak } is 
identical with that from dehydrophytosphingosine (12) for which 
structure IT has been tentatively established: 


CH;(CH:2)s CH=CH—(CH:);CH—CH—CH—CH:;0H 
OH OH NH: 

The unsaturated dihydrosphingosine derivative (Peak d cannot 
be sphingosine as the conjugated unsaturated aldehyde derived 
from sphingosine has a substantially longer retention time (Peak 
e). It appears that this new base has an isolated double bond 
which may be located in a position similar to that in dehydro- 
phytosphingosine. 

These results establish that the cerebroside mixture from wheat 
flour contains the following four compounds: 


CH;(CH:2):3 CH—CH—CH—CH:;0—glucose 
OH OH hH—CO-R 
CH;(CH2)sCH=CH—(CH:2);—CH—CH—CH—CH,0—glucose 
OH OH NH—CO—R 
CH;(CH:2):4CH—CH—CH:;0—glucose 


(11) 


(IIT) 


(V) 
OH NH—CO—R 
CH;(CH:2).CH=CH—(CH2):2—x CH—CH—CH:20—glucose vp 
OH NH—CO—R 


Compounds III, V, and VI are the major constituents with 
Compound IV present in small amounts. The possible presence 
of other types of base or of higher (Cx) or lower (Cig) homologues 
of the bases is not excluded. However, these, if present, repre- 
sent a very small fraction of the cerebroside mixture. Further 
fractionation studies will be undertaken in an effort to isolate 
the various cerebrosides in a pure form. 

The establishment of the presence of cerebrosides and of di- 
hydrosphingosine in plant sources and the partial characteriza- 
tion of a heretofore undetected double bond isomer of sphingosine 
are new contributions from this study. It is indeed interesting 
that substances at one time considered to be unique components 
of nervous tissue are now found to occur in such a diverse source 
as wheat flour. 


EXPERIMENTAL PROCEDURE 


Isolation and Purification of Cerebrosides—As reported in a 
previous paper (10), the fractionation of wheat flour glycolipid 
on silicic acid gave a chloroform-methanol (94:6) fraction which 
showed a substantial amide content in the infrared spectrum. 
Crude cerebroside fractions were obtained from this material 
by mild alkaline hydrolysis to destroy ester lipids (13). In a 
typical experiment, 600 mg of this fraction were dissolved in 50 


Carter, Hendry, Nojima, Stanacev, and Ohno 


1913 


TABLE I 


Retention time of aldehydes isolated after periodate oxidation of 
corresponding base 





Peak (Retention time of aldehyde) 
Base(s) 





a b ¢c d e 





1. From wheat flour cerebrosides. ... 
. From wheat flour cerebrosides 

(hydrogenated aldehydes) 
. Dihydrosphingosine 
i: SRAM RINNE 5595 eeeesqiaicesierirraver 
. Phytosphingosine................ 
. Dehydrophytosphingosine....... 
. Mixture of bases 3, 4,5, and6.... 
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Fic. 1. Gas chromatographic analysis of long chain bases from 
wheat flour cerebrosides. ——, aldehyde peaks: a, phytosphingo- 
sine; b, dehydrophytosphingosine; c, dihydrosphingosine; and d, 
new long chain base. —---, record after catalytic hydrogenation 
of unsaturated aldehydes, indicating: a, phytosphingosine and, 
c, dihydrosphingosine. 


ml of 1 N sodium hydroxide in absolute methanol, 10 ml of water 
were added, and the reaction mixture was stirred at 37° for 36 
hours. After dilution with the same volume of water and neu- 
tralization to pH 7 with 1 N hydrochloric acid (in ice), the sus- 
pension was extracted three times with chloroform. The com- 
bined chloroform extracts were washed with water, dried over 
sodium sulfate, and evaporated to dryness. The residue was 
dissolved in approximately 100 ml of 95% methanol and passed 
three times through a Dowex 2 (OH-phase) column (1.5 x 24 cm; 
freshly prepared). The methanolic solution, after evaporation 
and drying in a vacuum, gave 297 mg of a colorless powder (m.p. 
159-162°; C 66.72, H 11.09, N 2.0%). The infrared spectrum 
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of this substance showed strong absorption at 3400 (hydroxyl), 
1545 and 1650 (amide), and 970 cm—! (trans double bond). The 
Liebermann-Burchard reaction was negative. Repeated crystal- 
lization of this material from acetone and methanol gave a white 
semicrystalline powder (m.p. 202-203°; [a] = +6.0° (40 mg 
in 2 ml of pyridine); this analyzed as C 66.06, H 10.66, N 2.20%). 

Preparation of Ceramide—To a solution of 237 mg of cerebro- 
sides in 6 ml of chloroform and 22 ml of methanol, 8 ml of 0.2 m 
aqueous periodic acid were added, and the reaction mixture was 
allowed to stand at room temperature in the dark for 19 hours. 
Excess periodic acid was destroyed with a few drops of ethylene 
glycol, water was added, and the chloroform layer was separated. 
The aqueous methanol layer was extracted repeatedly with chlo- 
roform. The combined chloroform extracts were washed thor- 
oughly with water, dried, and concentrated, giving 215 mg of a 
colorless waxy solid. This material was dissolved in a mixture 
of 8 ml of chloroform, 25 ml of methanol, and 5 ml of water. 
The pH of the solution was adjusted to 9 with 20% aqueous so- 
dium hydroxide, and a solution of 50 mg of NaBH, in 4 ml of 
aqueous 0.1 N sodium hydroxide was added. After standing 17 
hours at room temperature, the solution was adjusted to pH 6 
with 1 n hydrochloric acid and then acidified with 6 nN hydro- 
chloric acid to a 0.1 N solution. The reaction mixture was left 
at room temperature for 72 hours. Two volumes of water were 
added, the chloroform layer was separated, and the aqueous 
layer repeatedly extracted with chloroform. The combined 
chloroform extracts were washed with water, dried, and evapo- 
rated to dryness giving 148 mg of colorless powder (m.p. 80-95°). 
For purification, this material was dissolved in 2 ml of chloroform 
and applied to a 2-g silicic acid column. The eluate obtained 
with chloroform-methanol (95:5) contained 138 mg of white 
powder (C 73.92, H 12.02, N 2.02%). The analyses for hydroxy- 
stearoylsphingosine are (%): : 


CssHnNO, (581.94) 


Calculated: C 74.30, H 12.30, N 2.41 


The infrared spectrum of this material showed strong absorp- 
tion at 3500 (hydroxyl), 1550 and 1675 (amide), and weaker ab- 
sorption at 970 cm- (trans double bond). Consumption of 
periodate by this sample was zero. 

Catalytic Hydrogenation of Ceramide—A sample of 129 mg of 
ceramide was dissolved in 20 ml of absolute ethanol and hydro- 
genated in a Parr apparatus in the presence of PtO: catalyst (15 
mg), at room temperature. After 19 hours, the reaction was 
stopped, the catalyst filtered off and the clear solution evaporated 
to dryness in a vacuum giving 125 mg of white powder (m.p. 
109-114°; C 73.77, H 12.42, N 2.25%). The analyses for hy- 
droxystearoyldihydrosphingosine (%): 


C3eHisNO, (583.95) 


Calculated: C 74.04, H 12.60, N 2.40 


The infrared spectrum of this material indicated the complete 
elimination of the trans double bond. 

Alkaline Hydrolysis of Ceramide—To a solution of 123 mg of 
ceramide in 15 ml of redistilled dioxane, 7.5 ml of water and 7.5 
ml of saturated barium hydroxide solution were added, and the 
reaction mixture was refluxed for 24 hours in an atmosphere free 
of carbon dioxide. The solution was cooled, acidified to pH 6 
with 6 N hydrochloric acid, and left overnight at room tempera- 
ture. The combined chloroform extracts, obtained by repeated 
extraction of the reaction mixture, were washed once with 0.2 
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N hydrochloric acid, three times with water, and dried over so- 
dium sulfate. This extract was the source for fatty acids, as 
will be described later. The combined aqueous fractions were 
made alkaline with 1 N potassium hydroxide to pH 12 and the 
basic material extracted repeatedly with ether. The ether ex- 
tract, after washing with water and drying, was evaporated in a 
vacuum giving 39.7 mg of colorless powder (m.p. 73-74°). This 
material was ninhydrin-positive and had the following elemen- 
tary composition: C 71.81, H 12.67, N 448%. The analyses for 
dihydrosphingosine are (%): 


CisH39NO2 (302.50) 


Calculated: C 71.04, H 13.04, N 4.65 


Periodate Oxidation Study—Periodate oxidation of the isolated 
base was carried out essentially by the method of Carter et al, 
(14). Determination of formic acid (calomel) gave 1.35 moles 
per mole of base. Formaldehyde, characterized as dimedon de- 
rivative, was formed in a yield of 0.49 mole per mole of base. 

Preparation of N-Benzoyl and Tribenzoyldihydrosphingosine— 
To characterize the hydrogenated base, N-benzoy] and tribenzoyl 
derivatives were prepared as follows. 

To a solution of 14 mg of base in 10 ml of ether, 0.2 ml of 1 n 
sodium hydroxide and three 0.01 ml portions of benzoyl chloride 
were added over a period of 30 minutes with vigorous shaking, 
After standing at room temperature for 5 hours, the ether was 
evaporated, and the residue was redissolved in 1 ml of methanol. 
To this solution, 0.1 ml of saturated potassium hydroxide solu- 
tion was added and the reaction mixture left 15 hours at room 
temperature. After the addition of an equal volume of water, 
the suspension was repeatedly extracted with ether. The com- 
bined ether extract was washed several times with water, dried, 
and evaporated to dryness. The colorless powder (16 mg) thus 
obtained, was dissolved in chloroform and purified over silicic 
acid (1g). The fraction eluted with chloroform contained 10 mg 
of white amorphous material (m.p. 120-122°). N-Benzoyldi- 
hydrosphingosine is reported to melt at 116-119° (15). 

For preparation of the tribenzoyl derivative, 10 mg of the 
above N-benzoyl base was dissolved in 0.5 ml of pyridine and 
0.01 ml of benzoyl chloride was added. After standing over- 
night at room temperature, an equal volume of cold water was 
added and the reaction mixture was repeatedly extracted with 
ether. The combined ether solution was washed with 3% so- 
dium bicarbonate solution, then with water, dried, and evapo- 
rated to dryness, giving 17 mg of white needles (m.p. 137-145°). 
After recrystallization from absolute ethanol, 9.6 mg of white 
needles, m.p. 146-148.5°, were obtained. The melting point of 
this material in admixture with authentic tribenzoyldihydro- 
sphingosine was undepressed. The elementary analyses (calcu- 
lated values for tribenzoyldihydrosphingosine) were: 


C35Hs:NO; (613.81) 


C 76.31, H 8.38, N 2.28 
C 76.29, H 8.62, N 2.31 


Calculated: 
Found: 


The infrared spectrum of this material was superimposable 
with the spectrum of authentic tribenzoyldihydrosphingosine. 

Identification of Sugar—A sample of 4.3 mg of cerebroside was 
hydrolyzed with 0.5 ml of 0.5 N sulfuric acid for 12 hours at 100° 
in a sealed tube. After cooling at room temperature, the insolu- 
ble material was filtered off. The filtrate was adjusted to pH 
4.5 with Dowex 2 (HCOs phase) resin and then evaporated to 
dryness in a vacuum. The residue was redissolved in 50 yl of 
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water and 2 to 8 ul of this solution was applied on Whatman No. 
1 filter paper for chromatography (solvent system was iso-pro- 
panol-acetic acid-water, 3:1:1). With an aniline-phthalate 
spray, @ single positive spot was detected with the same Rr 
(0.35) as a glucose standard. (Galactose has an Rp of 0.30 in 
this system.) The glucose spot was also identified with the 
Rosenberg and Chargaff spray (16). 

Identification of Fatty Acids—For identification of fatty acids, 
two methods were used. 

(a) Acid Hydrolysis—Hydrolysis of cerebroside with 10% 
methanolic sulfuric acid by the method of Carter e¢ al. (15) gave 
the methyl esters of the fatty acids, which were hydrolyzed to 
the free fatty acids in the usual way. This fatty acid mixture 
was purified on silicic acid. In a typical experiment, 47 mg of 
crude fatty acid was applied on silicic acid; the fraction eluted 
with n-hexane-ether (8:2) gave 27.0 mg of solid which was re- 
crystallized twice from ethyl acetate, giving white crystals (m.p. 
93-94.5°). pL-a-Hydroxystearic acid is reported to melt at 
91-92° (17). The elementary analyses were in agreement with 
the calculated values for hydroxystearic acid. 


CisH3603 (300.47) 
C 71.94, H 12.08, N.E. 300 
C 72.50, H 12.15, N.E. 296 


Calculated: 
Found: 


The infrared spectrum of this material showed a typical hy- 
droxy fatty acid pattern. 

(b) Alkaline Hydrolysis—The alkaline hydrolysis of ceramide, 
as described earlier, gave 77.5 mg of waxy material from 123 mg 
of ceramide. This substance was dissolved in 5 ml of 95% etha- 
nol and passed through a Dowex 2 (OH-phase) column. The 
acidic material from this column was eluted with methanolic 
hydrochloric acid, giving after evaporation of solvent 45.2 mg of 
wax. The solution of this wax in 3 ml of chloroform was applied 
on 5 g of silicic acid. The fraction eluted with chloroform (32 
mg) showed a typical hydroxy fatty acid infrared spectrum. 
The methyl ester of this material was prepared with diazometh- 
ane and reduced with lithium aluminum hydride in dioxane at 
room temperature for 24 hours. Purification of the reduction 
product on silicic acid, gave 29.1 mg of a white wax eluted from 
a silicic acid column with chloroform-methanol (8:2). The in- 
frared spectrum of this material showed a very strong hydroxyl 
absorption at 3400 cm-! and the complete absence of ester ab- 
sorption in the region of 1720 to 1750 cm-!. This spectrum was 
practically identical with the infrared spectra of long chain diols 
in the region of 1700 to 4000 cm- (18). It seemed probable 
that this substance was 1 ,2-dihydroxy-n-octadecane. To prove 
the presence of vicinal hydroxyls, a quantitative periodate oxida- 
tion was performed. After 16 hours at room temperature, the 
consumption of sodium periodate was 1.2 moles per mole of diol. 
These experiments gave further evidence for the original a-hy- 
droxystearic acid structure of the major fatty acid from the 
cerebrosides. 

Gas Chromatographic Analysis—The method described by 
Sweeley and Moscatelli (11) was used for this analysis. The 
instrument was an Aerograph model A-90-C and the column the 
same as that described in the above paper. The analyses were 
run for 30 minutes at 199°, with a helium pressure of 12 p.s.i. 
and a flow rate of about 30 ml per minute. 

For comparison, authentic samples of long chain bases were 
treated in the same way and analyzed under the same conditions 
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as the unknown mixture. Sphingosine and dihydrosphingosine 
were isolated from brain; phytosphingosine from corn and de- 
hydrophytosphingosine from soybean. The procedure for the 
isolation of these compounds has already been described (12, 14, 
15, 19). It was necessary to run standard compounds on each 
occasion because the retention times varied slightly from run to 
run. 

Acidic Hydrolysis of Crude Cerebroside—For gas chromato- 
graphic analysis, the fraction of crude cerebroside (eluted from 
silicic acid column with chloroform-methanol (94:6), as already 
described above) was used. This material was composed of 
cerebrosides, and mono- and digalactosyl-glycerol lipids. Hy- 
drolysis of this material with 2 N methanolic hydrochloric acid 
(11) gave a mixture of long chain bases which was purified by 
silicic acid chromatography, as described by Sweeley and Mosca- 
telli (11). The infrared spectrum of the purified bases was very 
similar to that of brain sphingosine, with trans double bond ab- 
sorption at 970 em-. Periodate oxidation of these bases was 
performed in the usual way. The aldehydes obtained were dis- 
solved in benzene and the solution analyzed by gas chromatog- 
raphy. The results of these analyses are given in Table I, Item 
1, and in Fig. 1 (——). 

Hydrogenation of Unsaturated Aldehydes—The mixture of 
saturated and unsaturated aldehydes was hydrogenated in alco- 
holic solution for 2 hours in presence of 5% palladium on char- 
coal, at room temperature and 1 atmospheric pressure. The 
catalyst was removed by filtration and the solvent was evapo- 
rated at room temperature. The residue was dissolved in ben- 
zene. The infrared spectrum of the reduced aldehydes still 
showed the presence of carbonyl absorption (indicating selective 
hydrogenation of double bonds). The result of gas chromato- 
graphic analysis of this material is shown in Table I, Item 2, and 
in Fig. 1 (----). 


SUMMARY 


A cerebroside fraction has been isolated from wheat flour lipid 
and subjected to structural studies. The presence of dihydro- 
sphingosine, phytosphingosine, dehydrophytosphingosine, and a 
new long chain base in wheat flour was established. Hydroly- 
sis of the cerebroside mixture yielded glucose. a-Hydroxy- 
stearic acid was found to be the major acidic component of wheat 
flour cerebrosides. 
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Metabolism of Propionic Acid in Animal Tissues 
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A previous paper (2) described the preparation and properties 
of highly purified, amorphous propionyl carboxylase from pig 
heart achieving nearly 500-fold purification from the initial ex- 
tract. Inasmuch as such extensive purification failed to resolve 
the system into separate enzymes, it appeared likely that the 
over-all reaction (Reaction 1) was catalyzed by a 


(Mg**) 





ATP + CO:2 + propionyl-CoA 





(1) 
ADP + P; + methylmalonyl-CoA 


single enzyme. Final proof for this view has now been provided 
by crystallization of the enzyme. 

This paper describes the preparation, physical properties, 
substrate specificity, and some kinetic properties of crystalline 
pig heart propionyl carboxylase. The enzyme has a molecular 
weight of 700,000 and its isoelectric point is in the vicinity of 
pH 6.1. It contains 1 mole of bound biotin/175,000 g or 4 
molecules per molecule of enzyme. Its turnover number in the 
forward direction is in the neighborhood of 20,000 molecules 
of propionyl coenzyme A carboxylated per minute per molecule 
of enzyme at 30°, or 5,000 per molecule of biotin. The enzyme, 
which is also active, although to a much lesser extent, with bu- 
tyryl, crotonyl, and acetyl coenzyme A, is broken down into 
smaller, inactive subunits by treatment with urea. Crystalliza- 
tion of propionyl carboxylase results in approximately 800-fold 
purification from the initial extract. The enzyme represents 
roughly 0.1% of the protein of the extract. 


EXPERIMENTAL PROCEDURE 


Preparation of Enzyme 


The enzyme assay was as described by Tietz and Ochoa (2) 
except that it was carried out at 25 rather than at 30°. The 
reaction rate is approximately 66% of that at the latter temper- 
ature. One unit was defined as the amount of enzyme catalyz- 
ing the fixation of 1 umole of COs, or the production of 1 umole 
of ADP, per minute under the conditions of the assay, at 25°. 

The preparation described here was carried out on 300 pig 
hearts and was the one large scale run of a series of seven prep- 
arations. Steps 1 and 2, 7.e. the extraction and the first am- 
monium sulfate fractionation, were conducted essentially as 


* Aided by grants from the National Institutes of Health 
(Grants A-1845 and RG-6967) of the United States Public Health 
Service, the Rockefeller Foundation, and the National Science 
Foundation (Grant G-9621). Preceding paper of this series (1). 

t Foreign Postdoctoral Fellow (1959 to 1960) of the National 
Institutes of Health, United States Public Health Service. 


described by Tietz and Ochoa (2) except that 30 hearts were 
worked up each day. They yielded about 5 kg of mince. Ap- 
proximately 1 kg of washed mince was extracted each time with 
use of a large capacity (1-gallon) Waring Blendor, and the large 
rotors of the Servall model RC-1 and the Lourdes model LRA 
refrigerated centrifuges were used throughout. The ammonium 
sulfate fractions were dissolved as in the previous work and stored 
in the frozen state (—18°) without prior dialysis until used. 
The activity of the enzyme remained unchanged during storage 
of the ammonium sulfate fractions for 3 to 4 months. 

Step 2a. Dialysis—The ammonium sulfate fractions were 
thawed, pooled (volume, 4 liters; 80 mg of protein per ml), and 
divided into four 1-liter portions. Just before the next step, 
each portion was dialyzed in the cold room for 24 hours against 
10 liters of 0.033 m succinate buffer, pH 6.3, containing 0.001 
M Versene (the disodium salt of ethylenediaminetetraacetic acid) 
and 0.0005 m GSH, changing the dialysis solution every 8 hours, 
and diluted with the same buffer to a volume of 4 liters and a 
protein concentration of 20 mg per ml. 

Step 3. Ethanol Fractionation—After cooling each 4-liter 
portion to 0°, ethanol (cooled to 0°) was added in the proportion 
of 52.6 ml per liter with mechanical stirring over a period of 
approximately 30 minutes; the temperature was kept at 0°. The 
precipitate was removed by centrifugation at 15,000 x g at 0° 
for 20 minutes and discarded. Ethanol, previously cooled to 
—15°, was added in the proportion of 131 ml per liter to the 
clear supernatant fluid. The temperature was gradually low- 
ered from 0° to —6° and stirring was continued for another 30 
minutes after addition of the ethanol. The precipitate was 
collected by centrifugation as before for 40 minutes at —6° and 
dissolved in 0.02 m Tris buffer, pH 7.5; the buffer contained 
0.001 m Versene and 0.0005 m GSH. 

Step 4. Precipitation with Protamine and Ammonium Sulfate 
Fractionation—The combined solutions from the previous step 
(3 liters; 23.5 mg of protein per ml) were diluted to 3.5 liters 
with the Tris-Versene-GSH buffer, which gave a protein con- 
centration of 20 mg per ml; the solutions were cooled to 0°, and 
brought to pH 6.5 with 1.0 N acetic acid. The temperature was 
kept at 0° throughout this step. Freshly prepared 1% protamine 
sulfate, 350 ml, was added slowly with mechanical stirring. 
After stirring for a further 20 minutes, the bulky precipitate was 
collected by centrifugation at 15,000 x g for 20 minutes and 
the supernatant solution was discarded. After one washing 
with 750 ml of the Tris-Versene-GSH buffer, the precipitate 
was dissolved with the aid of a glass homogenizer in 0:1 m Tris 
buffer, pH 7.5, containing 0.091 m Versene, 0.0095 m GSH, and 
ammonium sulfate at 20% saturation; the solution was made 
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TABLE I 
Purification of pig heart propionyl carboxylase 
before crystallization* 
Step | Volume | Units | tein activity Yl 
7 | my | |units/me | 
protein si 

Ry MONG ad as saad een | 78,000 25,500 1,270) 0.02 | 100 
2. (NH,)2SO, fractionation. 4,000) 22,900) 320; 0.07 90 
2a. After dialysis............ 16,000} 20,000} 320) 0.06 | 78 
3. Ethanol fractionation (5- | 

eae eee ey | 3,000} 13,700} 70) 0.2 54 
4. Protamine and (NH,)2SO,j | | | 

fractionation...........| 900; 12,100} 16 0.8 47 
5. Alumina gel supernatant. . | 2,000) 7,800) 5.5 | 1.4 30 
6. DEAE-cellulose.......... 450) 7,000) 1.4 | 5.0 27 
7. Third (NH,)2S0O,fraction- | 

ation (38-55%) ......... 90) 


6,200) 1.1 5.6 | 24 
| 





* 50 kg of minced tissue from 300 pig hearts. 
t At 25°. Values at 30° are approximately 1.5 times higher 
(ef. (2)). 


up with this buffer to a volume’ of 2.4 liters and a protein con- 
centration of approximately 15 mg per ml. Saturated (0°) 
ammonium sulfate was then added with mechanical stirring to 
give 36% saturation. After further stirring for 30 minutes, the 
precipitate was removed by centrifugation at 15,000 x g for 
20 minutes, and discarded. Solid, finely powdered ammonium 
sulfate (488 g; 165 g per liter) was now slowly added to the 
yellow supernatant solution (volume, 2.96 liters) to give approxi- 
mately 60% saturation. After stirring for 30 minutes, the pre- 
cipitate was collected by centrifugation as above, dissolved in 
0.02 m phosphate buffer, pH 6.5, containing 0.001 m Versehe 
and 0.0005 m GSH, and dialyzed overnight against 18 liters of 
the same buffer. The protein concentration of the dialyzed 
solution (900 ml) was 18 mg per ml. 

Step §. Removal of Inactive Protein by Adsorption on Alumina 
Gel Cy—The enzyme solution from the previous step was diluted 
with the phosphate-Versene-GSH buffer (pH 6.5) to 1.080 ml, 
which gave a protein concentration of 15mg perml. The diluted 
solution was mixed at 0° with mechanical stirring with an equal 
volume of a suspension of alumina gel Cy containing 15 mg per 
ml, or a total of 16 g of alumina (1.0 mg of gel per mg of protein). 
After stirring for another 30 minutes, the gel was removed by cen- 
trifugation and discarded. The supernatant solution (2 liters) 
contained 2.75 mg of protein per ml. 

Step 6. Purification on DEAE-Cellulose! Column—DEAE- 
cellulose, 100 g, z.e. approximately 20 times the amount of pro- 
tein recovered in the previous step (Table I), was washed with 
1.0 n NaOH until the washings were colorless and then with 
10 liters of distilled water. The wash fluids were removed by 
decantation. The cellulose was then stirred with 5 liters of 0.5 
N HCl, the suspension immediately filtered with suction on a 
large, sintered glass funnel, and the resin washed with distilled 
water until the filtrate was free of chloride. The cellulose was 
evenly suspended in 0.02 m potassium phosphate buffer, pH 6.5, 
and the pH of the suspension was adjusted to 6.5 with 2.0 n 
NaOH. Heavy particles sedimenting within 2 minutes and 
light particles that did not settle within 1 hour were removed by 


1 The abbreviation used is: DMAH-cellulose, diethylaminoethyl 
cellulose. 
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decantation. The cellulose was then washed three or four times 
with 0.02 m potassium phosphate buffer, pH 6.5, and packed 
into four (2 x 40 cm) columns; pressure was applied during 
packing with a Saxon aquarium air pump. 

The enzyme solution from Step 5 was divided into four equal 
portions and each of them was passed through each column in 
the cold room without applying pressure. All the enzyme was 
retained by the cellulose. Each column was then washed with 
0.07 m potassium phosphate buffer, pH 6.5, containing 0.001 m 
GSH, which removed much inactive protein; the enzyme sub- 
sequently eluted with 0.12 m phosphate buffer, pH 6.5, contain- 
ing 0.001 m GSH, at a rate of 0.5 ml per minute. Six-milliliter 
fractions were collected. The elution of protein was followed 
spectrophotometrically by determining the absorption of light 
at wave length 280 mu. The fractions containing enzyme of 
specific activity 4 to 8 were combined to give 450 ml of solution 
with approximately 3 mg of protein per ml. 

Step 7. Third Ammonium Sulfate Fractionation—To the solu- 
tion from the previous step, cooled to 0°, was added 103 g of 
solid ammonium sulfate with mechanical stirring to give 38% 
saturation. The precipitate was removed by centrifugation and 
discarded; to the supernatant fluid (490 ml) was added 54 g of 
ammonium sulfate to give 55% saturation. The precipitate was 
collected by centrifugation and dissolved in 0.02 m phosphate 
buffer, pH 6.5, containing 0.001 m Versene and 0.0005 m GSH, 
yielding, 90 ml of solution with 12 mg of protein per ml. This 
solution was stored in the frozen state at —18°. 

A summary of the purification procedure is given in Table I. 

Crystallization—Enzyme of specific activity 5 to 6 crystallizes 
on addition of ammonium sulfate to a solution in 0.02 m phos- 
phate buffer, pH 6.5, with 0.001 m Versene and 0.0005 m GSH, 
containing 20 to 40 mg of protein per ml. For crystallization it 
was, therefore, necessary to concentrate the enzyme from Step 
7 (Table I). This was done by precipitation with ammonium 
sulfate. All operations were carried out at or near 0°. 

Aliquots of the enzyme solution from Step 7 were cooled to 
0° and solid, finely powdered ammonium sulfate was added slowly 
with stirring in the proportion of 35 g/100 ml (55% saturation). 
The precipitate was collected by centrifugation and dissolved in 
the appropriate volume of the phosphate-Versene-GSH buffer, 
pH 6.5. Solid ammonium sulfate was cautiously added to this 
solution until a faint, permanent turbidity appeared. The pre- 
cipitate, which had little activity, was removed by centrifuga- 
tion and discarded. Saturated (0°) ammonium sulfate was 
added dropwise with stirring to the supernatant solution to in- 
cipient turbidity and the mixture was placed in the refrigerator. 
Crystallization usually began after approximately 12 hours. 
After two days the crystals were harvested by centrifugation, 
washed with 0.02 m phosphate buffer, pH 6.5, containing 0.001 
M Versene, 0.0005 m GSH, and 60% saturated ammonium sul- 
fate, resuspended in a small amount of the same solution, and 
stored in the refrigerator at 3-4°. When required, the enzyme 
was sedimented by centrifugation of aliquots of the stock sus- 
pension and dissolved in 0.02 m phosphate buffer, pH 6.5, with 
0.001 m Versene and 0.0005 m GSH, or other suitable solvent. 
Data on crystallization of the enzyme from a small aliquot are 
given in Table II (Fractions 1 through 3). A second crop of 
crystals was often obtained from the mother liquor on further 
standing in the refrigerator. 

For recrystallization the crystals were dissolved in 0.02 m 
phosphate buffer, pH 6.5, with 0.001 m Versene and 0.0005 m 
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Fic. 1. Crystalline enzyme. 
crystals obtained at 0°. 


Room temperature crystals. 
C, magnification 700 X ; D, magnification 950 X. 


TABLE II 


Crystallization of propionyl carboxylase 


Pro- | Specific 


Fraction | Volume Units l fein lacntoity Yield 
m || me (ent | 
1. Aliquot from Step 7, Table | 
en. ae, | 0.4 48.5 8.6) 5.6 | 100 
DOR VANS Sooo cca cows | 0.5 34.5] 2.7] 12.8 | 70 
&. Mother liquor. ......2..5.. | 0.35 | 14 | 4.8} 2.9 29 
4. Aliquot from Step 7, Table | | | 
~ RRS WHE | 14.4 3,220 (575 | 5.6 | 100 
5. Fourth crystallization..... | 3.4 |1,340 | 92 14.6 41 
6. Aliquot from No. 5........ ; 1.0 | 395 | 27 14.6 | 100 
7 1.5 | 375 | 22 17.0 | 95 


. Sixth erystallization....... | 


* After precipitation with ammonium sulfate and concentra- 
tion. 


GSH, to give a protein concentration around 40 mg per ml, and 
the solution was treated as above. Crystallization was speeded 
up by the addition of some “seed” crystals and was fairly rapid, 
starting after approximately 4 hours. The crystals were har- 
vested after about 12 hours. The enzyme in a large aliquot 
from Step 7 (Table I) was erystallized six times in this way. 
The results are summarized in Table II (Fractions 4 through 7). 
The specific activity of the enzyme rose from about 6 to 13 on 
crystallization and reached a value of 17 (about 25 at 30°, ef. 
(2)) after the sixth crystallization. 


A, magnification 800 X; B, magnification 350 X. 


Two variants of 


Under the above conditions the enzyme crystallizes as hex- 
agonal prisms with pyramidal bases (Fig. 1). Their size and 
shape vary with the time and other conditions of crystallization. 
The prisms are often rather elongated and small (Fig. 1D) but 
occasionally they are shorter and larger (Fig. 1C). Crystalliza- 
tion at room temperature with ammonium sulfate yields con- 
sistently larger crystals in the form of short hexagonal prisms 
(Fig. 1A and B). With the use of seeding it has been possible 
to crystallize directly an enzyme of specific activity 3, from side 
fractions of DEAE-cellulose columns, to a specific activity of 
approximately 12. It thus appears possible to shorten and sim- 
plify the purification procedure described here. 


Properties of Enzyme 


Molecular Weight—A sedimentation pattern of the six times 
crystallized enzyme is shown in Fig. 2A. In the several prep- 
arations which were examined, the only inhomogeneity was a 
small, but variable, amount of faster moving material. The 
quantity of this impurity increased slowly when the crystals 
were stored for several months. The sedimentation coefficient 
was determined at 20° over a concentration range of 0.074 to 
0.75 g/100 ml in 0.02 m phosphate buffer, pH 6.5 containing 
0.001 m Versene and 0.0005 mM GSH. The results for eight experi- 
ments with three different preparations of the enzyme can be 
represented by 82,0 = pkg — ke where Pa = 19.72 + 0.09 
S*?,k = 1.6558 g* deciliters, and ¢ is the concentration in g per 
100 ml. 


2 Standard deviation. 
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Fic. 2. Sedimentation and electrophoresis patterns of six times 
crystallized enzyme. <A, Sedimentation at 50,740 r.p.m. in phos- 
phate buffer, pH 6.5; 4.2 mg of protein per ml. B, Sedimentation 
at 50,740 r.p.m. in phosphate buffer containing 7.0 M urea; 2.8 mg 
of protein per ml. C, Electrophoresis in Tris buffer, pH 7.5, for 
105 minutes at 6.8 volts per em; 5.2 mg of protein per ml. 


The diffusion coefficient was obtained at 20° in the same buffer 
with the Gouy diffusiometer previously described (3). 
determinations in the mean concentration range 0.065 to 0.45 


Four 


g/100 ml indicated a greater dependence of diffusion coefficient 
on concentration than has been reported in the few cases that 
have been studied (4, 5). The height-area coefficient Do (not 
corrected for viscosity due to the protein) can be represented by 
Dy = Dr. — ke where Dio. = (2.58 + 0.06%) X 10-7 em? 
sec, k = 1.05 X 10-7 em? sec g— deciliters, and 2 
protein concentration in g per 100 ml. In one earlier experiment 
at 0.445 g per 100 ml, a coefficient of 1.2 « 10-7 was obtained. 
In view of the higher coefficients found in the other experiments, 


is the mean 


it must be concluded that the protein in this case was present in 
the form of an aggregate although apparently a homogeneous 
one. The previously reported molecular weight (1) based on 
this diffusion coefficient is erroneously high. The computation 
of the diffusion results required the extrapolation of the relative 
fringe displacement versus the two-thirds power of the corrected 
fringe number as described by Ackeley and Gosting (6). This 
procedure corrects for some slowly diffusing impurity or aggre- 
gate by assuming that the equations of Ackeley 
slightly impure” 
impurity 


and Gosting for 
The effect of the same 
can be seen in the fringe deviation graphs. For the 
best preparation a maximal deviation (Q x 104 as defined by 
Ackeley and Gosting (6)) of 100 was found. In three of the 


“cc 


solutes are applicable. 
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experiments, some decrease in D was evident after 24 to 48 hours 
of diffusion and more weight was given to the earlier points. 

Protein concentration was determined in all cases by a re- 
fractometric method Perlmann and Longsworth (7) 
have shown that the refractive index increment of proteins 
varies remarkably little from one protein to another. The re- 
fractive index increment (An), determined by fringe count in four 
diffusion experiments was used with a factor, k = An/c = 1.875 
x 10-3 (ce in g per 100 ml) to calculate the protein concentration. 
This factor is the average for the proteins studied by Perlmann 
and Longsworth and corrected to 20° and a wave length of 5461 
A by means of their data. It was found that the protein con- 
centration determined spectrophotometrically (2) must be mul- 
tiplied by 1.31 to correct to the refractive index basis. A closely 
agreeing factor (1.27) was obtained by colorimetric determina- 
tion of the protein (8) with the use of crystalline bovine scrum 
albumin as standard. The partial specific volume was taken as 
the apparent specific volume at a concentration of 0.9 g/100 ml 
determined from the refractive index increment. A value of 
0.734 ml per g was calculated from the density of solutions de- 
termined in gradient tubes at 20° (9). 

The intrinsic viscosity at 20° in the buffer described above was 
found to be [7] 0.083 deciliters per g. Some difficulty was 
experienced apparently due to surface denaturation. 
measurements of the outflow time of a given sample of protein 
solution gave continuously higher values. The first two trials 
were averaged calculating the results. The concentration 
dependence of sp /c was small. 

Combination of sedimentation and diffusion data in the usual 
way leads to a molecular weight of 6.97 x 10° and to f/fo = 
1.41. The molecular weight may be in error by as much as 4% 
chiefly because of the uncertainty in the diffusion coefficient. 
Utilizing in addition the intrinsic viscosity, the function, 


_ _Nslnlin_ 
Mi(1 — vp) 


since 


Successive 





of Scheraga and Mandelkern (10), has been calculated to be 
2.48 x 10°. This amounts to a confirmation of the molecular 
weight from viscosity measurements inasmuch as 6, obtained in 
this way for a molecular weight of 697,000, is consistent with 
s, D, and [n] and is in the range of values characteristic of globu- 
lar proteins (@ for a rigid sphere, 2.12 x 10°). Further, the 
oblate ellipsoid can be eliminated as a model for the hydrody- 
namic behavior of this protein. An estimate of the shape of 
the hydrodynamic unit may be obtained from f/fo by assuming 
the volume fraction of hydration to be 0.2. Use of Perrin’s 
equation (11) for prolate ellipsoids then yields an axial ratio 
a/b = 6.2. Alternatively, the method of Scheraga and Mandel- 
kern gives a/b = 12.5 and a volume for the hydrodynamic unit 
of 5.2 X 10° ml. The latter, in common with the values in 
several cases quoted by these authors, is considerably lower 
than the anhydrous volume (8.5 X 10-!9 ml) calculated from 
the partial specific volume and the molecular weight. 

Two sedimentation experiments were performed in 7.0 m urea; 
0.25 ml of enzyme solution (four times crystallized enzyme, 
specific activity 14.7) was diluted to 1.0 ml with 0.02 m potassium 
phosphate buffer, pH 6.5, containing 0.001 m Versene, 0.0005 m 
GSH, and 7.0 M urea. The commercial urea was recrystallized 
and dissolved immediately before use. For ultracentrifugation 
the enzyme solution was dialyzed against the phosphate-urea 
buffer for 16 hours in the cold room. The sedimentation pattern 
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(Fig. 2B) showed a single peak in each case, 82, = 2.55. This 
result indicates dissociation of the enzyme into smaller units of 
the same size. 

Electrophoretic Mobility—Electrophoresis was conducted as 
previously described (12) in buffers of 0.05 ionic strength at 0°. 
The six times crystallized enzyme migrated as a single boundary 
at pH values 6.5, 7.5, and 8.5, with no detectable inhomogeneity. 
A typical pattern is shown in Fig. 2C. In order to determine 
the electrophoretic mobility of the enzyme on the acid side of 
the isoelectric point, several solutions were prepared in acetate 
buffers. However, the enzyme was inactivated in this pH range 
and had a low solubility. The only buffer in which sufficient 
protein remained in solution for electrophoresis was at pH 4.7, 
p = 0.025. The mobility thus obtained, corrected to u = 0.05 
by assuming inverse proportionality to u}, is included with the 
other mobility data in Fig. 3. The point in phosphate buffer is 
distinctly more negative than is consistent with the mobility in 
monovalent buffers and indicates binding of phosphate by the 
enzyme. ‘The isoelectric point, in the absence of phosphate, 
was near pH 6.1. 

Purity—In order to ascertain whether the crystalline enzyme 
was contaminated with other enzymes to a significant extent, 
the enzyme activities listed below were assayed, by means of 
sensitive optical tests, with four times crystallized propionyl 
carboxylase and an enzyme fraction at Step 2a of purification 
(Table I). Although as much as 10 ug were used for each assay, 
all of the tests were negative with the crystalline enzyme. As 
regards Step 2a, the following lists (a) the enzyme assayed, (6) 
the amount of protein used, (c) the specific activity (umoles 
per minute per mg of protein at 25°), and (d) the reference to 
the assay method used. Adenylic kinase, 21.5 wg, specific ac- 
tivity 1.8 (13); lactic dehydrogenase, 4.3 ug, specific activity 
13.5 (14); malic dehydrogenase, 4.3 ug, specific activity 1.5 (15); 
glutamic dehydrogenase, 500 ug, specific activity 0.003, DPN 
reduction assay (16); condensing enzyme, 108 yg, specific ac- 
tivity 0.135, optical assay (17). The crystalline enzyme was 
free of ATP-dependent pyruvic carboxylase (18) and methyl- 
malonyl CoA-pyruvic transcarboxylase (19)? activity. An assay 
was not performed for the latter in crude fractions and the former 
was absent both from Step 2a and from the initial extract tested 
at levels of 500 and 350 ug of protein, respectively. 

Biotin Content—The biotin content of six times crystallized 
enzyme was determined on two different preparations (No. 7, 
described in this paper, and No. 8, a more recent one) by bio- 
assay with Saccharomyces cerevisiae (ATCC, No. 9896) according 
to Lichstein (20). In the first run, 0.5 ml of enzyme solution 
containing 92.75 ug of protein as determined spectrophotomet- 
tically (2) was hydrolyzed with 0.5 ml of 7.2 Nn sulfuric acid for 
l hour at 121°. The hydrolysate was neutralized with 6.0 N 
sodium hydroxide and diluted 800-fold with water so that 1.0 
ml was equivalent to 115.9 myg of protein. In the second run, 


* ATP-dependent pyruvic carboxylase was measured by a CO, 
fixation assay and by optical assay. The latter was based on the 
malic dehydrogenase-catalyzed oxidation of DPNH by the oxalo- 
acetate formed. The optical assay for transcarboxylase was based 
either on measuring the rate of formation of oxaloacetate from 
methylmalonyl-CoA and pyruvate, in the presence of DPNH and 
malic dehydrogenase, or that of pyruvate from propionyl-CoA and 
oxaloacetate, in the presence of DPNH and lactic dehydrogenase. 
We are indebted to Dr. H. G. Wood, Western Reserve University, 
for information on the assay method before publication and for a 
gift of highly purified transcarboxylase from Propionibacterium 
shermanii. 
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Fie. 3. pH-electrophoretic mobility relation at 0.05 ionic 
strength. The buffers used were phosphate, @, at pH 6.5, Tris, 
©, at pH 7.5 and 8.5, and acetate, O, at pH 4.7. The last deter- 
nae was corrected from » = 0.025 to uw = 0.05 as described in 
the text. 
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Fia. 4. Activity as a function of pH. A, COsz fixation assay; 
amorphous enzyme, specific activity 9.3; @, imidazole-HCl buffer; 
O, Tris-HCl buffer. B, Optical assay; four times crystallized 
enzyme; @, cacodylate-HCl buffer; O, Tris-HCl buffer; ©, 2- 
amino-2-methyl-1,3-propanediol-HCl buffer. 


0.5 ml of enzyme solution with 135.5 ug of protein was treated 
in the same way except for a 1000-fold final dilution so that 1.0 
ml was equivalent to 135.5 mug of protein. Duplicate assays 
with 0.5, 1.0, and 1.5 ml (first run) and 0.5 and 1.0 ml (second 
run) gave the following amounts of biotin in wg per mg of pro- 
tein; 1.812, 1.855, 1.855, 1.770, and 1.845, respectively, or an 
average of 1.827 ug per mg of protein, uncorrected. When 
corrected to obtain the true protein value with the factor, 1.31, 
derived from the refractometric standardization referred to in 
‘Molecular Weight,” the biotin content becomes 1.395 ug per 
mg of protein. This corresponds to 977 g of biotin (molecular 
weight, 244.31) per 700,000 g or 4 moles per mole of enzyme. 
Absorption Spectrum and pH Optimum—The ultraviolet ab- 
sorption spectrum of the crystalline enzyme was that of a typical 
protein; the ratio absorption at 280 my to the absorption at 260 
my being 1.5 to 1.6. No changes in the spectrum of the enzyme 
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Substrate specificity and kinetic constants of crystalline 

pig heart propionyl carboxylase 
Rate of formation of ADP in the forward reaction (Reaction 1) 
was measured under the conditions of the optical assay. Four 
times crystallized enzyme (specific activity, 14.6) was used. A. 
Samples, in silica cells (6 = 1.0 cm), contained (in umoles), Tris 
buffer, pH 8.0, 100; MgCle, 4; GSH, 2; ATP, 2; KHCOs, 50; acetyl-, 
propionyl-, or butyryl-CoA, 1; crotonyl-CoA (when present), 0.84; 
KCl, 100; phosphoenolpyruvate, 1; DPNH; 0.18; an excess of 
pyruvic kinase and lactic dehydrogenase; and propionyl car- 
boxylase, 2.6 ug. Final volume, 1.0 ml. Temperature, approxi- 
mately 25°. B. Vmax and apparent K,» values were calculated 
from Lineweaver-Burk (21) plots derived from assays, with 0.1, 
0.2, 0.5, 1.0, and 2.0 umoles of propionyl-CoA (2.6 ug of enzyme) 
and 0.3, 0.5, 1.0, 1.82, and 2.5 uwmoles of butyryl-CoA (13 ug of 

enzyme), otherwise identical to those under A. 









































A B 
Substrate : 
V — Vmax Apparent Km 
ier mole/mind | motes itr 
Propionyl-CoA....... 11,300. | 100.0} 13,950 | 0.2 x 10-3 
Butyryl-CoA......... 646 5.7] 1,615 | 1.5 x 10-3 
Acetyl-CoA........... 81 0.7 
Crotonyl-CoA........ 333 3.0 
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Fic. 5. Reaction velocity (in moles per minute per mole of en- 
zyme) as a function of the concentration of propionyl-CoA and 
butyryl-CoA. Experimental conditions are given in the legend to 
Table III. 


were detected in the range 230 to 340 my on addition of ATP 
with or without bicarbonate. With the C“O, fixation assay the 
pH optimum was 8.0 to 8.2 (Fig. 4A), whereas with the optical 
assay it was in the vicinity of 8.5 (Fig. 4B). There was, in 
each case, a sharp decrease in activity on either side of the op- 
timum. 

Substrate Specificity and Kinetics—As already reported (2) the 
nucleoside 5’-triphosphate specificity of pig heart propionyl 
carboxylase is restricted to ATP. The availability of the crys- 
talline enzyme made it possible to draw unequivocal conclusions 
as to its fatty-acyl-CoA specificity. Although maximally active 


‘ The curve of Fig. 5A is from unpublished data obtained in the 
course of earlier work (2). 
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with propionyl-CoA, the enzyme displays some activity toward 
butyryl-, acetyl-, and crotonyl-CoA (Table III). Similar rela. 
tive velocities, 100, 6.3, 1.8, and 3.7, respectively (cf. Table III, 
Column 3), were obtained with an amorphous fraction of specific 
activity 6.6. Carboxylation of butyryl- and acetyl-CoA by a 
partially purified preparation of propionyl carboxylase from ox 
liver (specific activity with 0.67 < 10-* m propionyl-CoA, ap. 


proximately 0.4 umole per minute per mg of protein at 37°) was | 


previously reported by Halenz and Lane (22). Stern et al. (23) 
also reported on butyryl-CoA carboxylation by various tissue 
extracts. 
acetyl-CoA calculated from Halenz and Lane’s data (100, 4.7, 
and 1.02, respectively), are close to those found here with the 
crystalline pig heart enzyme (cf. also Lane et al. (24)). Car. 


The relative velocities with propionyl-, butyryl-, and | 


boxylation of crotonyl-CoA by ammonium sulfate fractions from | 
rat liver was recently reported by Tustanoff and Stern (25), | 
Although the carboxylation of acetyl-CoA (26, 27) may also be | 
catalyzed by a more specific enzyme, acetyl carboxylase, that of | 


butyryl- and crotonyl-CoA may be catalyzed exclusively by 
propiony] carboxylase. 

In previous work (2) the apparent K,, values for ATP, HCO,, 
and propionyl-CoA were found to be 0.8 x 10-4, 0.25 x 10%, 
and 0.27 x 10-° M, respectively. The value of 0.2 x 107 
obtained for propionyl-CoA with the crystalline enzyme (Table 
III) is in good agreement with the earlier one. Table III also 
shows that the affinity of the enzyme for butyryl-CoA is approxi- 
mately one-eighth that for propionyl-CoA. A plot of reaction 
velocity as a function of the concentration of propionyl-CoA and 
butyryl-CoA is given in Fig. 5. The reaction velocity data in 
Table III and Fig. 5 are in terms of corrected protein values 
with the use of the factor, 1.31, previously referred to. 
further corrected for the higher specific activity of the six times 


crystallized enzyme (specific activity of 6 times crystallized en- | 





When | 


zyme to specific activity of 4 times crystallized enzyme = | 


17.0/14.6 = 1.165), the turnover number (Vmax) at 30° (Vie = 
1.5 X Vos) and saturating concentrations of propionyl-CoA be- 
comes 13,950 X 1.165 X 1.5 = 20,440 moles per minute per mole 
of enzyme at pH 8.0. At pH 8.5, the optimal pH in the optical 
assay, the value would be approximately 5% higher or 21,600. 
The corresponding value for butyryl-CoA would be in the neigh- 
borhood of 2,500. Thus, the enzyme has for butyryl-CoA not 
only one-eighth the affinity it has for propionyl-CoA but it 
catalyzes the carboxylation of the former about one-ninth as 
rapidly as that of the latter at saturating substrate concentra- 
tions. 


DISCUSSION 


Inasmuch as pig heart propionyl carboxylase contains 1 mole 
of bound biotin/175,000 g of enzyme with a molecular weight of 
700,000, it is not unlikely that it may consist of 4 subunits of 
molecular weight 175,000, each with 1 molecule of biotin. Crys- 
talline muscle phosphorylase a, with a molecular weight of 
500,000, is known to be a tetramer of 4 identical subunits of 
molecular weight 125,000, each containing 1 molecule of bound 
phosphate and one of pyridoxal phosphate (28, 29). Muscle 
phosphorylase a is reversibly split into 4 subunits by p-chloro- 
mercuribenzoate. As mentioned in ‘Experimental Procedure,” 
on ultracentrifugation in 7.0 M urea, propionyl carboxylase 
yielded a single sharp peak with a sedimentation coefficient of 
2.5 S instead of 19.78. This suggests dissociation of the mole- 
cule into a number of equal subunits the molecular weight of 
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which has as yet not been determined. This treatment led to 
irreversible inactivation of the enzyme. Even 2.0 m urea (20 
hours at 0°) brought about irreversible inactivation. Although 
the possibility of reactivation on slow removal of the urea de- 
serves some exploration, other methods that might lead to re- 
yersible dissociation must also be tried. In view of the recent 
work of Stark, Stein, and Moore (30), the possibility that irre- 
versible inactivation by urea might be caused not by urea per se 
but by cyanate ion must be considered in the light of the sensi- 
tivity of pig heart propionyl carboxylase to sulfhydryl-binding 
reagents (1).6 It is becoming increasingly apparent that other 
functional proteins, e.g. hemoglobin (31), glutamic dehydrogen- 
ase (32), and yeast alcohol dehydrogenase (33), are made up of 
subunits and are inactive, or largely so, in the dissociated state. 

As regards substrate specificity, propionyl carboxylase is less 
active, with butyryl-, crotonyl-, and acetyl-CoA than with 
propionyl-CoA. However, its activity toward acetyl-CoA, for 
which there appears to be a separate carboxylase, is exceedingly 
small. The unlikely possibility that propionyl carboxylase re- 
acts with 6-methylerotonyl-CoA, the substrate of 6-methylcro- 
tonyl carboxylase (34), was not tested. As already mentioned, 
propionyl carboxylase is devoid of ATP-dependent pyruvic 
carboxylase (18) and methylmalonyl-CoA-pyruvic transcarbox- 
ylase (19) activity. 

Methods and Preparations—Acetyl-, propionyl-, butyryl-, and 
crotonyl-CoA were prepared from the corresponding anhydrides 
by the method of Simon and Shemin (35). Crystalline bovine 
serum albumin, used as standard for protein determination by 
the method of Lowry e¢ al. (8), was purchased from the Armour 
Laboratories. It was dissolved in 0.02 n HCl and its concen- 
tration was determined spectrophotometrically with a, = 0.64 
liter-g-?-em-! at wave length 278 mu. Other methods and 
preparations not described in “Experimental Procedure’ were 
the same as in previous work (1, 2). 


SUMMARY 


The preparation of crystalline pig heart propionyl carboxylase 
is described. The enzyme, with isoelectric point in the vicinity 
of pH 6.1 and a molecular weight of 700,000, represents approxi- 
mately 0.1% of the protein of the initial extract. It contains 
1 mole of bound biotin/175,000 g or 4 moles per mole of protein. 
The enzyme is dissociated by urea into small, inactive subunits 
of equal size. 

The turnover number of six times crystallized propiony! car- 
boxylase in the forward reaction is in the neighborhood of 20,000 
per mole of enzyme, or 5,000 per mole of biotin, at 30°. The 
enzyme is active, although to a lesser extent, with butyryl, acetyl, 
and crotonyl coenzyme A besides propionyl coenzyme A. Rela- 
tive rates with nonsaturating concentrations of substrate, that 
with propionyl coenzyme A being taken as 100, were approxi- 
mately 6, 1, and 3, respectively. 


Acknowledgments—We wish to thank Mr. Morton C. Schneider 
for the biotin assays. We are also indebted to Mr. Schneider 
and to Mr. Horace Lozina for their invaluable help with the 
preparation of the enzyme. 


5 We are indebted to Dr. W. H. Stein for calling our attention to 
this possibility. 
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A major proportion of the metabolites of cortisol in man have 
been clearly characterized (1). Current concepts of the metab- 
olism of cortisol in vivo emphasize the ability of the liver to 
transform large quantities of the adrenal hormone per unit time 
(2-7). To study hepatic and extrahepatic metabolism of cor- 
tisol by experimental means not adaptable to man, the dog was 
used. It is the purpose of this study to characterize the type of 
metabolites formed from cortisol-4-C™ by the intact dog in order 
that these metabolites may be compared with the transforma- 
tions of cortisol occurring in such an altered physiological state 
as the totally hepatectomized animal. The low yield of radio- 
active metabolites formed during the biological experiment 
necessitated the combined use of isotope dilution and paper 
chromatographic procedures on a microscale as the means of 
characterization. 

The metabolism of cortisol-4-C™ in extrahepatic sites has been 
demonstrated in the totally hepatectomized dog and is reported 
elsewhere (8). 


EXPERIMENTAL PROCEDURE 


Steroids—20a-OH-F,! Vp or Substance Va, THF and THE 
were supplied by the Upjohn Company. £-Cortol, allo-THF, 
and #-cortolone were supplied by Drs. D. K. Fukushima and 
T. F. Gallagher of the Sloan-Kettering Institute. The Schering 


* This work was supported in part by a United States Public 
Health Service Grant (A-3164) to Harvard University; in part by 
grants from the Medical Foundation, Inc., and the American 
Legion Child Welfare Foundation to the Children’s Hospital; in 
part by a contract with the Advisory Committee on Metabolism, 
Office of the Surgeon General, Department of the Army; and in 
part by a contract with the Atomic Energy Commission to the 
Peter Bent Brigham Hospital, Boston, Massachusetts. The as- 
sistance of Winthrop Laboratories is gratefully acknowledged. 

+ Present address. 

1 The abbreviations used are: cortisol, 118,17a,21-trihydroxy-4- 
pregnene-3,20-dione; 20a2-OH-F, 118,17a,20a,21-tetrahydroxy-4- 
pregnene-3-one; Vr or Substance Vr, 38,118,17a,21-tetrahydroxy- 
5a-pregnane-20-one; THF, 3a,118,17a,21-tetrahydroxy-58-preg- 
nane-20-one; THE, 3a, 17a,21-trihydroxy-58-pregnane-11 , 20-dione; 
B-cortol ,3a,118,17a,208-pentahydroxy-58-pregnane; 8-cortolone; 
3a, 17a, 208 ,21-tetrahydroxy-58-pregnane-ll-one; allo-THF, 3a, 
118,17a,21-tetrahydroxy-5a-pregnane-20-one; 118-OH-etiochola- 
nolone, 3a,118-dihydroxy-58-androstane-17-one; 11-O-etiochola- 
nolone, 3a-hydroxy-58-androstane-11,17-dione; 208-OH-F, 118, 
17a, 208 ,21-tetrahydroxy-4-pregnene-3-one ; 208-OH-E, 17a, 208, 21- 
trihydroxy-4-pregnene-3 , 11-dione ; 38, 118-dihydroxyandrosterone, 
38,118-dihydroxy-5ea-androstane-17-one; 68-hydroxycortisol ,68, 
118, 17a,21-tetrahydroxy-4-pregnene-3, 20-dione. 


Corporation furnished 118-OH-etiocholanolone and 11-O-etio- 
cholanolone. Merck Sharp and Dohme supplied 208-OH-F and 
208-OH-E. U.S.P. reference standard No. 38 was 38,118-di- 
hydroxy-5a-androstane-17-one. 68-Hydroxycortisol was fur. 
nished by Dr. 8. Bernstein of Lederle Laboratories. 
Animals—One female and one male adult, both healthy, 


mongrel dogs, 18 and 20 kg, respectively, were placed upon a | 


regimen of an infusion of cortisol administered at a constant 
rate of 2.5 mg per kg per 24 hours immediately after having 


undergone a sham surgical exposure and manipulation of the | 


intestine.2 Adequate urine flow, collected with the aid of a 
catheter in hourly aliquots, was maintained with a mannitol in- 
fusion. Several hours after the surgery, 1 ue of cortisol-4-C¥ 
(225 wg) was administered intravenously in 10 ml of 5% ethano! 
in 0.9% NaCl solution over a 2-minute interval. Several urine 
samples were collected during the postoperative period, before 


the administration of the cortisol-4-C™, to serve as manipulative | 


controls. 

Urine was kept frozen until extractions were performed. 

Extractions—Urine was extracted with chloroform as de- 
scribed previously (9). Samples were extracted three times 
with double volumes of chloroform to obtain the “free” or non- 
conjugated fractions. Several samples of urine were extracted 
three times with double volumes of ethyl acetate after the 
chloroform extraction to determine the presence of 68-hydroxy- 
cortisol. After the ‘free’ extractions the urine samples were 
adjusted to a pH of 5.0 and incubated overnight with 6-glu- 
curonidase,* at 47° and a final concentration of 1000 Fishman 
units per ml. The urine samples treated with 6-glucuronidase 
were then extracted with chloroform and ethyl acetate as above. 
All chloroform and ethyl acetate volumes were washed twice 
with 0.05 volume of 0.01 nN sodium hydroxide and once with 


2 Cortisol was ‘‘Hydrocortone,’? Merck and Company, Ine. 
The free steroid was diluted in 0.9% NaCl solution to final concen- 
trations, cortisol, 0.01%, and ethanol, 2.5%. Because these ani- 
mals were to serve as subjects for hepatectomy at a later date 
they were placed on a regime which served as the control for a post- 
surgical hepatectomy. Periodic urine samples were taken for 
kinetic observations which are not included in this current study. 

3 The cortisol-4-C™ was made available through the courtesy of 
the Endocrinology Study Section of the United States Public 
Health Service and, as shown previously (9), contained 93% of 
its radioactivity as cortisol. This cortisol-4-C'* was purified 
further by paper chromatography before use. 

4 Ketodase, a beef liver preparation of Warner-Lambert Phar- 
maceutical Company, New York, New York. 
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a similar volume of water. The organic solvents were dried with 
anhydrous sodium sulfate and removed under reduced pressure 
at 45°. Although the ethyl acetate extracts obtained after 
treatment of the urine with @-glucuronidase contained some ra- 
dioactivity, these extracts are not discussed further since no clear 
identification of these highly polar materials was achieved. 

Radioactivity—All measurements were made on a windowless 
flow counter, Nuclear-Chicago model D-47, in the Geiger range. 
Unless otherwise indicated, all counting was performed in the 
infinitely thin range in nickel-plated steel planchets, 1 in. in 
diameter, 7s in. deep, in duplicate at a minimum of 1280 col- 
lected counts each. Background was approximately 18 c.p.m. 
In several instances in which crude urine extracts were chro- 
matographed, radioactive peaks were located by placing 1-cm 
strips of paper directly in the planchets for windowless counting. 

Paper Chromatography—Paper chromatography was performed 
on unwashed Whatman No. 1 paper at 32° in two Bush-type (9) 
systems: toluene-75% methanol in water and the system 67% 
ligroin (b.p. 100-110°, purified by passage through silica gel) in 
toluene-75% methanol in water. The toluene-methanol system 
was run for 39 hours and the ligroin-toluene system overnight. 

Paper chromatogram surveys for steroid content and radio- 
activity were achieved by hanging each centimeter of paper 
chromatographic channel (2.5 em wide) from the tips of No. 23 
gauge stainless steel hypodermic syringe needles the points of 
which were bent upward 4 mm from the tip to pierce either end 
of the chromatographic strips. Four to five washings with 0.2 
ml of ethanol through vertically placed syringes supporting the 
needles were sufficient to elute the radioactivity from the strips 
into planchets centered below each centimeter strip. Planchet 
contents, after counting, were transferred with filtration through 
sintered glass microfunnels, to 10- to 75-mm or 12- * 75-mm 
tubes and evaporated to dryness for Porter-Silber (11) or micro- 
Zimmermann (12) determinations. 

Oxidation with Periodic Acid (13)—Oxidation with periodic 
acid was achieved by adding 0.1 ml of ethanol and 0.2 ml of 
0.005 m periodic acid in 0.15 sulfuric acid to dried chromato- 
graphic eluates in 10-ml glass-stoppered tubes and allowing the 
tubes to stand for 1 hour at room temperature. The oxidation 
product was extracted with 7 ml of methylene chloride, then 
washed with 0.1 Nn NaOH and water. The Cy steroids thus 
formed were chromatographed directly. 

Sodium Bismuthate Oxidation—Oxidation with sodium bis- 
muthate was modified from the methods proposed by Norym- 
berski (14). The chromatographic eluates were dried in 10-ml 
glass-stoppered tubes, 0.2 ml of 50% acetic acid was added and 
then just enough sodium bismuthate powder to adsorb the acetic 
acid. The tubes were allowed to sit for 30 minutes at room 
temperature in the dark. Water (1 ml) was then added and the 
mixture was extracted with methylene chloride as in the periodic 
acid oxidation. Particles of sodium bismuthate were removed 
by filtering the methylene chloride with the aid of a coarse 
sintered microfunnel or filter paper. After washing, the solvent 
was evaporated to dryness in a 12- X 75-mm tube in preparation 
for chromatography. 


RESULTS 


After removal of “free” steroids, several urine samples were 
incubated with 6-glucuronidase and extracted with chloroform 
to yield a “glucuronidate” fraction. The distribution of radio- 
activity in such a glucuronidate extract obtained from the urine 


N. I. Gold 
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Fig. 1. Radioactivity distribution in a chromatogram of the 
glucuronidate fraction from urine collected during the 4th hourly 
interval after the administration of cortisol-4-C' to an intact 
dog. Chloroform-extractable material after hydrolysis with - 
glucuronidase. ‘‘Free’”’ steroids were previously removed. 
Chromatography was in a toluene-methanol system for 39 hours. 
Each 1-cm strip of chromatogram, 25 mm wide, placed directly 
in planchets for windowless counting at 320 pre-set counts, back- 
ground 20c.p.m. The percentage of each radioactive peak is ex- 
pressed as a function of the total glucuronidate counts per minute 
appearing on the chromatogram. Reference standards (see text): 
a, B-cortol; b, B-cortolone; c, Substance Vp; d, THF; e, THE; 
f, cortisol. 


voided during the fourth hourly interval after the administration 
of cortisol-4-C™ is shown in Fig. 1 after chromatography in the 
toluene-methanol system. At least five radioactive peaks are 
present and are numbered IV through VIII. The migration of 
reference steroids is indicated for comparative purposes. The 
large proportion of metabolites which are reduced to glycerol- 
type compounds is emphasized in Fig. 1. When the amount of 
radioactivity appearing in each peak is expressed as a percentage 
of the total radioactivity appearing on the chromatogram, it is 
clear that 60% of the metabolite radioactivity resides in Fractions 
IV and V. This suggests that the major amounts of the cortisol 
metabolites appear in Fractions IV and V. As is shown subse- 
quently, Peaks IV and V represent metabolites with glycerol- 
type side chains. The extensive water solubility of these highly 
polar compounds (1) accounts for the loss of a considerable por- 
tion during the washing of the chloroform extracts with alkali 
and water (see ‘““Experimental Procedure’). Consequently, the 
percentage of radioactivity represented by Peaks IV and V are 
minimal values and the combined radioactivity of these metabo- 
lites with glycerol-type side chains may be in excess of 60% of the 
total radioactivity present in the glucuronidate fraction. 
Metabolite IV: (8a,118,17a,20&,21-Pentahydroxy-58-preg- 
nane and 38,118 ,17a,20§,21-Pentahydrory-5a-pregnane)—This 
metabolite, extractable with chloroform after incubation of 
urine with 8-glucuronidase, migrated with 6-cortol in the toluene- 
methanol system (Fig. 1). A small quantity of material from 
Peak IV was eluted from the chromatogram, oxidized with 
periodic acid, and chromatographed in the ligroin-toluene- 
methanol system yielding an apparently single radioactive peak.® 


5 Ability to form Cig compounds after treatment with periodic 
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A portion of this oxidized material was mixed with microgram 
quantities of unlabeled 116-OH-etiocholanolone and chromato- 
graphed in the ligroin-toluene-methanol system. The resulting 
chromatogram was analyzed by eluting 1-cm strips (see ‘‘Experi- 
mental Procedure”) directly into planchets for radioactive 
determination and subsequently estimating the amount of 
steroid present in each planchet by the micro-Zimmermann 
reaction. A displacement of the radioactivity from the “micro- 
gram steroid” curve was clearly discernible and it was therefore 
apparent that the major radioactive periodate oxidation product 
of IV was not 118-OH-etiocholanolone. Inasmuch as metabolite 
VI was shown to possess a 36 ,5a@ configuration (36,118 ,17a,21- 
tetrahydroxy-5a-pregnane-20-one), metabolite [V was considered 
to contain possibly both 36,5a and 3a,58 isomeric cortols.® 

A partial separation of the periodate oxidation products of IV 
was undertaken with further identification by paper chromato- 
graphic techniques. In the ligroin-toluene-methanol chromato- 
graphic system the two isomers, 38 , 116-dihydroxyandrostane-17- 
one (38,5a) and 3a,116-dihydroxyetiocholane-17-one (8a@,58), 
overlap to a considerable extent. Therefore, a pool of each 
of the suspected two periodate oxidation products of IV was 
prepared by meticulously separating the ascending and de- 
scending portions of the radioactive peaks obtained upon re- 
peated chromatography of the periodic acid oxidation product 
of IV. 

These two pools, containing small contaminants of the related 





acid indicates the presence of a Ci7,C2o-dihydroxyl configuration 
in the parent steroid (13). 

6 Metabolite VI was identified as Substance Vr before the iden- 
tification of metabolite IV. 
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Fic. 2. Periodate oxidation product of Peak IV, (8a,58) pool (see ‘‘Results, Metabolite IV’’). 
toluene-methanol system, overnight. 
Procedure, Paper Chromatography’’). 


Chromatography was in a ligroin- 


Each 1-em strip eluted for radioactivity and micro-Zimmermann analysis (see ‘‘Experimental 


isomers, are referred to as the 3a,5@8 pool and the 38,5a pool | 


and were treated as indicated in Figs. 2 and 3, respectively. 
To approximately half of the 3a,58 pool, a small quantity’ of 
3a,58 standard reference steroid was added and the mix- 
ture chromatographed in the ligroin-toluene-methanol system. 
The distribution of steroid and radioactivity in each centimeter 
of this chromatogram appears in Graph a of Fig. 2. ‘“Theoreti- 
cal” curves, indicated by the lightly drawn lines, were obtained 
by drawing the mirror image of the outermost limb (from base- 
line to peak) of each major measured “‘c.p.m.” and “ug” curve. 
The theoretical curves of the minor components were obtained 
by subtracting the major theoretical curve from the total ob- 
served values. In Graph a of Fig. 2 the theoretical curve for the 
3a ,58 component summated 27 ugand1265¢.p.m. By difference, 
the 38,5a curve was drawn. The latter, summating 6 ug and 
235 c.p.m., demonstrated a coincidence of the wg curve and the 
radioactivity curve, indicating constant specific activity. The 
results of chromatographing a mixture of one-half of the 3a,58 
pool with 40 ug of unlabeled 36, 5a standard reference steroid in 
the ligroin-toluene-methanol system is shown in Fig. 2b. First 
the major theoretical radioactive peak of the 3a,5@ curve was 
drawn. Then the theoretical radioactive curve for the 36,5a 
component was plotted by difference. The sum of the counts in 
the 38,5a component was 242 c.p.m. and the sum of the counts 
under the 3a@,58 component was 1260 ¢.p.m., both of these values 
equivalent to those found in the radioactivity distribution of 
Graph a. In Graph }, the theoretical curves for the ug steroid 


7 The exact amount of 3a,58 standard added was not deter- 
mined. 
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Fic. 3. Periodate oxidation product of Peak IV, (38,5a) pool (see ‘“‘Results, Metabolite IV’). Chromatography was in a ligroin- 


toluene-methanol system, overnight. Analyzed as in Fig. 2. 

for both isomers were plotted as mirror images of their respective 
outermost limbs. The 38,5a component, 44 ug, is 38 ug larger 
than in Graph a. This accounts quantitatively for the added 40 
ug of 38,118-dihydroxy-5a-androstane-17-one. In a qualitative 
sense, the location of both the “microgram” peak and the radio- 
activity peak for each isomer with and without added unlabeled 
standard coincide in both graphs of Fig. 2. The graphs of Fig. 
2 demonstrate (a) the similar centimeter by centimeter distribu- 
tion of both radioactivity and micrograms for both the 3a,5@ and 
the 38,5a components; (b) the ability to distinguish either the 
3a,58 isomer or the 38,5a isomer in the presence of the other; 
and (c) the quantitative nature of the analytical procedure. 

In Fig. 3 are shown the results of treating the 38 ,5a pool in a 
fashion similar to that described for the 3a,58 pool of Fig. 2, 
with the exception that one-half of the 38,5a pool was subjected 
to chromatographic analysis without the addition of unlabeled 
3a,58 standard. The latter analysis appears in Graph a of 
Fig. 3. Graph 6 of Fig. 3 represents the chromatography of a 
mixture of half the 38,5a pool with 40 ug of unlabeled 38,5a 
standard. The 3a,58 contaminant in Graph d is quantitatively 
equivalent to that observed in Graph a, and the 38 ,5a component 
of Graph 0 is essentially equivalent in radioactivity but increased 
approximately 40 ug in steroid content. It was concluded that 
the data are consistent with the presence of both 36,116,17a, 
20¢,21-pentahydroxy-5a-pregnane and 3a,116,17a,20£,21- 
pentahydroxy-58-pregnane in metabolite IV. 

Metabolite V: 3a,17a,20£,21-Tetrahydroxy-58-pregnane-11- 
oe—Chromatography of metabolite V in the toluene-methanol 
system revealed a sharp peak with the mobility (15 cm) of 6- 
cortolone. No evidence of multiple components was discernible. 
Material from the radioactive peak represented by metabolite V 
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Fic. 4. Material from Peak V oxidized with periodic acid, 
combined with 3a-hydroxy-58-androstane-11,17-dione and chro- 
matographed overnight in the ligroin-toluene-methanol system. 
Analyzed as in Fig. 2. 


was oxidized with periodic acid, combined with nonlabeled 11-O- 
etiocholanolone and chromatographed in the ligroin-toluene- 
methanol system. The results are shown in Fig. 4. There is 
close correspondence between radioactivity and steroid content 
per cm. These findings are consistent with the identity of 
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Porter-Silber analysis (see ‘Experimental Procedures, Paper 
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Fic. 6. Material from Peak VI combined with Substance Vr 
and oxidized with bismuthate. Chromatographed and analyzed 
asin Fig.2. The 118-hydroxy] is oxidized to a small extent to 11- 
keto by the bismuthate reagent. 


metabolite V as 3a,17a,20£,21-tetrahydroxy-58-pregnane-11- 
one. Although the chromatographic system illustrated in Fig. 4 
will distinguish 38-hydroxy-5a-androstane-11,17-dione from the 
3a,58 isomer formed after periodate oxidation, the former 
isomer was not found. 

Metabolite VI: 38,118 ,17a,21-Tetrahydrory-5a-pregnane-20- 
one (Vr)—Radioactive material from Peak VI of Fig. 1 was 
combined with both unlabeled THF and Vz and chromatographed 
in the toluene-methanol system as shown in Fig. 5. Metabolite 
VI migrated identically with Vr. 

For further confirmation, a mixture of VI and Vr was oxidized 
with sodium bismuthate and chromatographed in the system 
ligroin-toluene-methanol (Fig. 6). Inasmuch as the bismuthate 
oxidizes the 11 hydroxy] group to a keto group to a small extent, 
two radioactive C9 derivatives were formed, in agreement with 
the identification of VI as 36,118,17a,21-tetrahydroxy-5a- 
pregnane-20-one. 
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Fic. 7. Material from Peak VII combined with THF (see text), 


Chromatographed and analyzed as in Fig. 5. 
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Fic. 8. Material from Peak VII oxidized with sodium bis- 
muthate, combined with unlabeled 3a,118-dihydroxy-5s-andro- 
Mix- 


stane-17-one and 3a-hydroxy-58-androstane-11,17-dione. 


ture chromatographed and analyzed as in Fig. 2. 


TABLE I 
Partially characterized metabolites 





Metabolite Formula 





I 


IV 


| 116 , 17a, 208 ,21-Tetrahydroxy-4-pregnene-3-one 
II | 17a, 20£,21-Trihydroxy-4-pregnene-3 , 11-dione 
| 8a,118,17a,20¢,21-Pentahydroxy-58-pregnane 


| 38,118,172, 20¢,21-Pentahydroxy-5a-pregnane 


<a 


| one 


| 3a,17a,20¢,21-Tetrahydroxy-58-pregnane-11- 


VI | 38,118,17a,21-Tetrahydroxy-5a-pregnane-20- 


one 


VII 3a,118,17a,21-Tetrahydroxy-58-pregnane-20- 


one 
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Metabolite VII: 3a,118,17a,21-Tetrahydroxy-58-pregnane- 
20-one (THF )—A sample of Peak VII was mixed with authentic 
THF and chromatographed as in Fig. 7. The radioactivity and 
microgram curves coincide. 

For further confirmation a sample of VII was oxidized with 
sodium bismuthate. To the oxidation product microgram 
quantities of unlabeled 118-OH-etiocholanolone and 11-0- 
etiocholanolone were added and the mixture was chromato- 
graphed overnight in the ligroin-toluene system. The results are 
shown in Fig. 8. The major radioactive component migrates 
identically with 116-OH-etiocholanolone, the oxidation product 
of THF. 

Metabolite I: 118 ,17a,208 ,21-Tetrahydroxy-4-pregnene-3-one 
(208-OH-F); and Metabolite II: 17a,20€,21-Trihydroxy -4- 
pregnene-8 ,11-dione (20-OH-E)—In addition to metabolites IV 
to VII, the chloroform “free” extracts, upon chromatography 
in the toluene-methanol system, were observed to contain two 
radioactive peaks corresponding to metabolites I and II. These 
two metabolites were characterized by procedures similar to those 
used above, but since the data obtained in their identification 
are almost identical to those described elsewhere (8) for the 
characterization of I and II in the urine of the hepatectomized 
dog, for the sake of brevity, they are not herein presented anew. 


DISCUSSION 

In the dog, as in man, the metabolism of cortisol involves (a) 
the reduction of ring A to tetrahydro derivatives, (b) the oxida- 
tion of the C,, hydroxy] to a keto group, (c) the reduction of the 
20-keto group to hydroxyl, and (d) conjugation with glucuronic 
acid to form “glucuronidates.” In the dog the formation of 
38-hydroxy-5a-pregnane metabolites is in distinct contrast to 
the relative lack of such metabolites of cortisol in man (1). 
However, metabolite I, 208-OH F, and its 20a epimer have been 
found in the urine of human subjects (15, 16). Although 36- 
hydroxy-5a-pregnane metabolites were not reported after the 
perfusion of cortisol in vitro in the dog liver (17), this type of 
isomer was found after cortisol perfusion of rat liver (18) and 
incubations of rat liver homogenate (19) with cortisol. 

The metabolites of cortisol-4-C™ which have been characterized 
for the intact dog are listed in Table I. The identification of 
allo-THF and THE was not undertaken because of the low radio- 
activity present in the area of the chromatogram associated with 
these compounds (Peak VIII of Fig. 1). No detectable radio- 
activity migrating with 68-hydroxycortisol (20) appeared in 
chromatograms of ethyl acetate extracts of the dog urine, and 
attempts to locate a 38,5a@ isomeric cortolone failed. 


SUMMARY 


1. Cortisol-4-C'* was administered to two intact mongrel 
dogs. Urinary metabolites were characterized by isotope dilu- 
tin and paper chromatographic techniques in the ‘‘micro”’ 
range. 

2. Evidence is presented for the formation of the following 
metabolites of cortisol: 3a,118,17a,20£,21-pentahydroxy-56- 


NM. 8. 
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pregnane; 36,118,17a,20£,21 - pentahydroxy - 5a - pregnane; 
3a,17a,20€ ,21-tetrahydroxy-56-pregnane-1l-one; 38,118,17a, 
21-tetrahydroxy-5a-pregnane-20-one; and 3a,118,17a,21-tetra- 
hydroxy-58-pregnane-20-one. These compounds, reduced in 
ring A, were extractable with chloroform only after treatment of 
urine with 6-glucuronidase. 

3. Reference is made to the identification of two “nonconju- 
gated” metabolites, 118,17a,206 ,21-tetrahydroxy-4-pregnene- 
3-one and 17a@,20£,21-trihydroxy-4-pregnene-3, 11-dione. 
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It has been clearly demonstrated that the transformations of 
cortisol in vive occur in large part by action of the liver (1-6). 
To demonstrate extrahepatic metabolism of cortisol in vivo in 
man is not feasible. Therefore, this study was undertaken in 
the dog (a) to demonstrate that cortisol can be transformed 
(metabolized) in vivo in the absence of the liver, (b) to charac- 
terize these transformation products (metabolites), and (c) 
to compare these metabolites with those appearing in the intact 
dog. The metabolism of cortisol-4-C“ in the intact dog is 
reported elsewhere (7). Because the yield of radioactive metab- 
olites formed in these experiments was low, isotope dilution and 
paper chromatographic procedures on a microscale were em- 
ployed as described previously (7) as the means of characterizing 
the metabolites. 


EXPERIMENTAL PROCEDURE 


Steroids—Adrenosterone,! 118-OH-androstenedione, 20a-OH- 
F, Vr or Substance Vr, THF, and THE were supplied by the 
Upjohn Company. Allo-THF was furnished by Drs. D. K. 
Fukushima and T. F. Gallagher of the Sloan-Kettering Insti- 
tute. Merck Sharp and Dohme supplied 206-OH-F and 
208 -OH-E. 

Animals (General)—Each of three dogs was subjected to a total 
hepatectomy and splenectomy and the metabolism of a post- 
operatively administered dose of cortisol-4-C™ was observed in 
studies of urine and blood samples obtained during the 6- to 
10-hour maintained survival period. A similar experimental 


* This work was supported in part by a United States Public 
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grants from the Medical Foundation, Inc., and the American 
Legion Child Welfare Foundation to the Children’s Hospital; in 
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part by a contract with the Atomic Energy Commission to the 
Peter Bent Brigham Hospital, Boston, Massachusetts. The as- 
sistance of Winthrop Laboratories is gratefully acknowledged. 

+ Present address. 

1The abbreviations used are: 118-OH-androstenedione, 
118-hydroxy-4-androstene-3,17-dione; 20a-OH-F, 118,17«,20a, 
21-tetrahydroxy-4-pregnene-3-one; Vr or Substance Vr, 38,118, 
17a ,21-tetrahydroxy-5a-pregnane-20-one; THF, 3a,118,17«,21- 
tetrahydroxy-58-pregnane-20-one; THE, 3a, 17a,21-trihydroxy-5¢ 
pregnane-11,20-dione; allo-THF, 3a, 118, 17a, 21-tetrahydroxy- 
5a-pregnane-20-one; 208-OH-F, 118,17a,208,21-tetrahydroxy-4- 
pregnene-3-one; 208-OH-E, 17a,206,21-trihydroxy-4-pregnene-3, 
11-dione; cortisol, 118,17a@,21-trihydroxy-4-pregnene-3 ,20-dione. 


procedure with exposure and manipulation of the intestine in | 


place of hepatectomy in the same animals was performed several 
weeks before the hepatectomy and served as a control. The 
results with the latter control or intact group are reported else- 
where (7). 

Hepatectomy—Two female and one male adult, healthy, 
mongrel dogs, 15 to 20 kg each, were subjected to a one-stage 
total hepatectomy (including splenectomy) with maintenance of 
portal and inferior caval circulation by the use of a plastic internal 
shunt. Immediately after operation a constant infusion of 
cortisol? was begun at a rate of 2.5 mg per kg per 24 hours and 
was continued until the death of the dog. Dextrose was ad- 
ministered to prevent hypoglycemia. Adequate urine flow, col- 
lected with the aid of a catheter, was maintained with a mannitol 
infusion. Four hours after the operation, 1 uc of cortisol-4-C" 
(225 ug) was administered intravenously in 10 ml of 5% ethanol 
in 0.9% NaCl over a 2-minute interval. Urine was collected 
periodically until death. Hepatectomized animals survived a 
maximum of 10 hours. Several urine samples were collected 
during the postoperative period, before the administration of the 
cortisol-4-C™, to serve as manipulative controls. 

Plasma samples were obtained by exsanguination at death. 
Urine and plasma were kept frozen until extractions were per- 


- formed. 


Extractions—Plasma and urines were extracted with chloro- 
form as described previously (8). Steroids extractable without 
incubation with 8-glucuronidase‘ are referred to as “free” or 
nonconjugated. Steroids extractable after incubation with 
8-glucuronidase are considered to have been conjugated as 
glucuronidates. The plasma chloroform extracts, after removal 
of solvent, were thoroughly washed with cold 95% ethanol to re- 
move the steroid from a large amount of lipid-like residue. 

Radioactivity determinations, oxidations with periodic acid 
and sodium bismuthate, the paper chromatographic systems 
(toluene-methanol and ligroin-toluene-methanol) as well as the 


2 “‘Hydrocortone,’’ Merck and Company, Inc. The free steroid 
was diluted in 0.9% NaCl to final concentrations, cortisol, 0.01%, 
and ethanol, 2.5%. 

3 The cortisol-4-C'* was made available through the courtesy 
of the Endocrinology Study Section of the United States Public 
Health Service and, as shown previously (8), contained 93% of its 
radioactivity as cortisol. This cortisol-4-C'™ was purified further 
by paper chromatography before use. 

4 Ketodase, a beef liver preparation of Warner-Lambert Phar 
maceutical Company, New York, New York. 
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paper chromatogram survey techniques were performed as 
described for the intact dog (7). 


RESULTS 


The formation of radioactive metabolites from cortisol-4-C™ 
in the hepatectomized dog is illustrated in Fig. 1. These are 
initial chromatograms of urine and plasma “free’’ chloroform 
extracts. They clearly demonstrate the formation in vivo of at 
least two metabolites, I and II, in extrahepatic sites. The 
possibility that I and II were produced as artifacts during manip- 
ulation was ruled out by extracting a comparable sample of 
urine obtained from the hepatectomized animal before the intra- 
venous administration of cortisol-4-C“%. To this urine were 
added 30,000 c.p.m. of cortisol-4-C" and the sample was extracted 
and chromatographed as described. The results (Fig. 1, control) 
indicate that with 88% of the c.p.m. recovered, no peaks con- 
forming to I and II were discernible, and hence I and II are not 
manipulative artifacts. 

No additional radioactive metabolites were detectable in the 
urine after treatment with 6-glucuronidase. 

Metabolite I: 118 ,17a,208 ,21-Tetrahydroxy-4-pregnene-3-one 
(208-OH-F)—To several micrograms of metabolite I were 
added small amounts (less than 20 ug each) of unlabeled 208-OH- 
F, 20a-OH-F, and Substance Vx. The chromatographic separa- 
tion of this mixture is illustrated in Fig. 2. Each centimeter of 
chromatogram was eluted for radioactive counting and chemical 
analysis. ‘Two ultraviolet-absorbing areas corresponding to the 
two unsaturated compounds, 20a-OH-F and 208-OH-F, were 
present, and it was the 208-OH-F which corresponded to the mi- 
gration of the radioactive material, I. Substance Vx was local- 
ied by staining a 2-mm wide vertical strip with alkaline blue tet- 
razolium and subsequently by eluting 1-cm strips and estimating 
the amount of steroid in each strip by the Porter-Silber reaction 
(9). To confirm the identity of I as 208-OH-F, a sample of I was 
oxidized with periodic acid. To this oxidation product, 25 ug 
of 118-OH-androstenedione were added and the mixture was 
chromatographed in the ligroin-toluene system. The results of 
subsequent radioactive and Zimmermann (10) analyses for each 
eluted centimeter of chromatogram are shown in Fig. 3. It is 
clear that there is an exact correspondence between radioactivity 
and steroid content as determined by the Zimmermann reaction. 
The ultraviolet area confirms the location. 

Metabolite IT: 17a, 20&,21-Trihydroxy-4-pregnene-8 , 1 1-dione- 
(20-OH-E)—The chromatographic systems employed were un- 
able to separate 20a-OH-E from 208-OH-E to any discernible 
degree, even when a centimeter by centimeter analysis was used. 
Consequently, only 208-OH-E was employed in the chromato- 
graphic analysis. To asmall pool of II were added several micro- 
grams of 208-OH-E and allo-THF. The chromatographic sep- 
aration of this mixture is illustrated in Fig. 4. One ultraviolet- 
absorbing area, corresponding to 206-OH-E, and two blue tetra- 
zolium-staining areas appeared. The Porter-Silber analysis 
indicated at least two steroid components having the dihydroxy- 
acetone type of side chain. One peak corresponded to the added 
allo-THF. The other Porter-Silber peak which approximated 
the peak in radioactivity was considered to be THE, formed in 
the dog before hepatectomy and hence not radioactive.* Further 


* Ability to form Ci, compounds after treatment with periodic 
acid indicates the presence of a Cy7,C20-dihydroxyl configuration 
in the parent steroid (14). 

‘In this chromatographic system, THE and 208-OH-E overlap. 
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Fic. 1. Transformation of cortisol-4-C™ in the hepatectomized 
dog. Chloroform extractable, ‘free’ material; chromatography 
was in toluene-methanol system overnight. Each 1-cm strip of 
chromatogram, 25 mm wide, was placed directly in planchets for 
windowless counting at 320 pre-set counts, background 20 c.p.m. 
URINE is urine excreted during the 4th hour after administration 
of cortisol-4-C to one dog. The latter curve is qualitatively simi- 
lar to those obtained during other time intervals and with other 
hepatectomized dogs. PLASMA was obtained by exsanguina- 
tion. J and JJ are evident in both urine and plasma. CONTROL 
is a urine sample from a hepatectomized dog before cortisol-4-C™% 
administration. Cortisol-4-C', 30,000 c.p.m., was added to this 
urine and the sample extracted (see ‘“‘Procedures’’). The radio- 
active counts recovered was 88%, with no evidence of J or JI. 
Reference compounds: ‘20a’ is 118, 17a, 20a, 21-tetrahydroxy-4- 
pregnene-3-one, THF, THE, F is cortisol. 
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Fig. 2. Material from Peak I of Fig. 1 was mixed with the three 
standard reference compounds, 20a-OH F, 208-OH F, and Sub- 
stance Vr, and chromatographed for 39 hours in the toluene- 
methanol system. UV, ultra-violet absorbing area; BT’, reduces 
alkaline blue tetrazolium. Each 1-em strip was eluted for radio- 
activity and Porter-Silber analysis (see ‘Experimental Pro- 
cedure’’). 
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Fig. 3. Material from Peak I of Fig. 1 was oxidized with peri- 
odic acid, combined with standard reference 118-hydroxy-4-an- 
drostene-3,17-dione, and chromatographed overnight in the 
ligroin-toluene system. Each 1-cm strip was eluted for radioac- 
tivity and micro-Zimmermann analysis (see ‘‘Experimental Pro- 
cedures’’). 
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Fia. 4. Material from Peak II of Fig. 1 was mixed with stand- 
ard reference steroids, allo-THF and 208-OH E and chromato- 
graphed for 39 hours in the toluene-methanol system. Treated 
as described in Fig. 2. UV corresponds to the added 208-OH E. 
The Porter-Silber peak adjacent to the radioactive peak migrates 
with THE. The absence of radioactivity in THE is shown in 
Fig. 5. 


identification of II was achieved by oxidizing a mixture of II 
and unlabeled reference standard THE with bismuthate. Un- 
labeled adrenosterone was added to the oxidation product and 
the mixture chromatographed in the ligroin-toluene-methanol 
system. The reasults are shown in Fig. 5. The juxtaposition of 
the ultraviolet-absorbing area, the radioactivity, and the adreno- 
sterone area (Peak b) is evident and is consistent with the identity 
of II as 20-OH-E. No detectable radioactivity appeared in 
Peak a, which corresponds to 3a-hydroxy-58-androstane-11 , 17- 
dione, the oxidation product of THE. Hence, if THE was also 
present in pool IT it could not have been formed from cortisol-4- 
C™ after hepatectomy. 

Additional evidence for the identity of II] was obtained by 
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chromatographing a mixture of adrenosterone and the periodic | 
acid oxidation product of II. The results are shown in Fig. 6. | 
Correspondence between radioactivity and steroid in the ultra. 
violet-absurbing area is evident. 


DISCUSSION 


' 


It is clear that in the dog, cortisol can be metabolized in vivo 
in the absence of the liver. These extrahepatic transformations 
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Fic. 5. Material from Peak II of Fig. 1 was mixed with standard 
reference THE and oxidized with sodium bismuthate. Adrenos- 
terone was added to the oxidation product and chromatographed 
overnight in the ligroin-toluene system. Each 1-em strip was | 
eluted for radioactivity and micro-Zimmermann analysis. (a) is | 
3a-hydroxy-58-androstane-11,17-dione, the oxidation product of | 
THE, and contains no radioactivity. (6), ultraviolet absorbing, | 
is adrenosterone, the oxidation product of 20a or B-OH E. 
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Fic. 6. Material from Peak II was oxidized with periodic acid, 
combined with standard reference 4-androstene-3,11,17-trione 
and chromatographed overnight in the ligroin-toluene system. 
Analyzed as in Fig. 3. 
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include reduction at C-20 and oxidationat C-11 to form 208-OH-F 
20-OH-E. Both 206-OH-F and 20-OH-E appear in the urine of 
intact dogs (7) as well as in hepatectomized animals, but it is not 
clear (a) whether the liver itself can also form the “extrahepatic” 
metabolites 208-OH-F and 20-OH-E and (6) whether, in the 
intact dog, these glycerol-type metabolites are, in part, precursors 
of the cortols and cortolones. The formation of cortolone by the 
perfused dog liver (11) suggests that the liver is capable of carry- 
ing out both reduction of ring A and reduction of the side chain 
of the cortisol molecule in the intact dog. Reactions clearly 
lacking in the hepatectomized dog but present in the intact dog 
are reduction of ring A and the formation of steroid-glucuronidate. 

Travis and Sayers (12) have reported the formation of 206- 
OH-F after perfusion of cortisol in a heart-lung preparation, and 
Sweat et al. (13) have shown that human fibroblast cultures can 
reduce cortisol at C-20. Inasmuch as blood or plasma is in- 
cluded as a portion of the “incubating media” in the hepatec- 
tomized dogs, the heart-lung preparation, and the tissue culture, 
one cannot preclude the possibility that hepatic factors remain 
after hepatectomy and that they mediate the aforementioned 
reactions. 


SUMMARY 


1. Cortisol-4-C™ was administered to three adult mongrel dogs 
after total hepatectomy. Urinary metabolites were charac- 
terized by isotope dilution and paper chromatographic techniques. 

2. Extrahepatic transformation of cortisol was demonstrated 
by the formation of radioactive 118,17a,208 ,21-tetrahydroxy-4- 
pregnene -3-one and 17a, 20£,21 - trihydroxy -4-pregnene-3 , 11- 
dione, both nonconjugated and both found also in plasma. 

3. Metabolites of cortisol-4-C™ conjugated as glucuronidates 
were not detected in the urine of the hepatectomized dogs. 
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It has been shown recently that the immediate precursor of 
squalene is farnesyl pyrophosphate both in yeast and liver en- 
zyme systems (1-3). The problem of the mechanism of the 
condensation of 2 molecules of farnesyl pyrohosphate to the 
symmetrical molecule of squalene is, however, still not solved. 
The most plausible mechanism appears to be the rearrangement 
of 1 molecule of farnesyl pyrophosphate to a nucleophilic sub- 
stance, such as a derivative of nerolidol, and the condensation 
of this with farnesyl pyrophosphate. Hypothetical schemes of 
this kind have been proposed by Lynen e¢ al. (1) and by Cornforth 
and Popjak (4). The scheme of the latter authors was supported 
by the experimental evidence reported by Rilling and Bloch (5) 
according to which squalene biosynthesized by a yeast autolysate 
from mevalonate-5-D: contained 10 atoms of deuterium instead 
of the theoretically possible 12, the 2 missing atoms having been 
lost from the 2 central carbon atoms of squalene. Rilling and 
Bloch (5) reported furthermore that when squalene was syn- 
thesized from mevalonate-2-C“ in a medium of 99% D.O, 4 
atoms of deuterium were incorporated into the hydrocarbon; 2 
of these atoms were attached to the 2 central carbon atoms and 
the other 2 to the terminal carbon atoms at each end of the 
squalene molecule. 

Because farnesyl pyrophosphate was found to be the immediate 
precursor of squalene and because C-1 of farnesyl pyrophosphate 
is derived from C-5 of mevalonate, the data of Rilling and Bloch 
(5) could be interpreted to indicate either a change in the level 
of oxidation of C-1 of farnesyl pyrophosphate before condensa- 
tion or an exchange of one of the hydrogen atoms attached to 
this carbon atom in each of the 2 farnesy] pyrophosphate mole- 
cules during condensation. According to the hypothesis of 
Cornforth and Popjak (4), loss of 2 hydrogen atoms occurred 
from the 2 central carbon atoms of an unstable molecule, which 
was derived from the condensation of farnesyl pyrophosphate 
with a derivative of nerolidol (nerolidyl pyrophosphate); this 
led to dehydrosqualene (an analogue of phytoene), the reduction 
of which with TPNH to squalene was assumed. However, 
experiments which were carried out in order to test further the 
correctness of this hypothesis gave quite unexpected results and 


* This work was completed during the stay of the first author 
at the National Heart Institute, Bethesda, Maryland, as a visiting 
scientist. 

{t Helen Hay Whitney Foundation Research Fellow during the 
early part of this investigation. 
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showed that the number of deuterium atoms in squalene biosyn- 
thesized from mevalonate-5-D,» by the liver enzyme system was 
11 and not 10, and that the one lost from one of the central car- 
bons of squalene was replaced by hydrogen derived directly from 
TPNH and not from the water of the incubation medium. Thus, 
squalene biosynthesized from mevalonate-5-D, is asymmetrically 
labeled with deuterium on its 2 central carbon atoms (—CHD. 
CD.—), indicating an asymmetrical process in the condensation 
of 2 farnesyl pyrophosphate molecules to squalene. 

The experimental evidence on this question was obtained by 
studying the squalene biosynthesized from mevalonate-5-D-2-2-C# 
and by measuring the incorporation of tritium, from either the 
water of the incubation medium, or from tritium-labeled TPNH, 
into squalene during its synthesis from C'*-farnesyl pyrophos- 
phate, or from mevalonate-2-C™. 


EXPERIMENTAL PROCEDURE 


Enzyme Preparations—Rat liver homogenates, prepared ac- 
cording to Bucher and McGarrahan (6), were the source of all 
the enzymes used. The preparation and use of 10,000 x q 
supernatants (Sio preparations), of microsomes and of a soluble 
protein fraction (F30) precipitated between 30 and 60% satura- 
tion with (NH4)2SO,4 have been described in detail (3, 7). 

pt-Mevalonic Acid Lactone-5-D,—This substance was made by 
the procedure described in detail for the synthesis of DL-meva- 
lonic acid lactone-4-C™ (8); its synthesis is summarized in Fig. 1. | 
4,4-Dimethoxy-2-butanone (7.4 g) (IJ) was refluxed for 3} hour | 
with methyl bromoacetate (J) (8.6 g) in dry ether (50 ml) in the 
presence of Zn (6.75 g) activated with iodine. The resulting 
Reformatsky complex was decomposed and worked up in the | 
usual way to give, after two distillations, 5.16 g of the <a 
ester of the dimethylacetal (JJ; b.p. 58-60° per 0.003 mm). 
The acetal ester (JJ) (4 g) in ether (20 ml) was added over 4 ' 
period of 45 minutes to a solution of 1 g of LiAID, a | 

an 





deuterium) in ether (30 ml) and then refluxed for 3 hours. 
excess LiA]D, was decomposed with ethylacetate followed a a} 
saturated solution of KHCOs; (2 ml); the product (JV) of the 

reduction was acetylated with acetic anhydride (4 ml) in pyri- 

dine (16 ml) and gave 3.52 g of (V) (b.p. 80-83° per 0.003 mm). ; 
Oxidation and hydrolysis of 3.33 g of (V) in water (7.5 ml) with | 
H.O2 (30%; 3.75 ml), acetic acid (7.5 ml), and H2SO, (0.075 ml) | 
by refluxing for 1 hour gave, after extraction of the product in 
the usual way, 1.22 g of mevalonic acid lactone-5-D, (VJ), which 
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was crystallized from dry ether; yield of crystalline lactone 0.701 
g plus 0.425 g recovered in the mother liquor. 

To 700 mg (5307 umoles) of crystalline pL-mevalonic acid-5-D. 
lactone (molecular weight 131.9), 138 wmoles of potassium 
mevalonate-2-C™ (specific activity 0.2 ue per umole) and 5.39 
ml of 1 Nn KOH were added; the volume of the solution was made 
up to 22.1 ml with water and was incubated at 37° for 30 minutes 
in order to convert the lactone to the potassium salt. This 
preparation (0.246 m potassium mevalonate-5-D2-2-C™; specific 
activity 0.005 uc/umole = 674 c.p.m./umole counted with an 
end window tube at negligible thickness), was used as substrate 
for the synthesis of squalene and of one specimen of farnesyl 
pyrophosphate. 

For the assay of the deuterium content of the mevalonate-5- 
D.-2-C 0.25 ml of the above stock solution (61.6 uwmoles), was 
added to 314 mg (2415.4 umoles) of unlabeled crystalline meva- 
lonic acid lactone (dilution factor 2477/61.6 = 40.21) and 0.15 
ml of 1 N HCl. The mixture was then lyophilized, heated in a 
vacuum to 80° for 30 minutes, and the crystalline benzhydryl- 
amide prepared as described by Cornforth e¢ al. (9). Three 
samples (30 mg each) of the benzhydrylamide were burnt in a 
microanalytical furnace and the water of combustion transferred 
by vacuum-line technique into capillaries and sealed in a vacuum. 
Each sample of water was divided into two and analyzed sepa- 
rately. One determination was rejected as it gave a value six 
standard deviations lower than the mean of the other five analy- 
ses, which gave 0.2009 + 0.0041 atom % excess deuterium for the 
diluted mevalonobenzhydrylamide. The deuterium content of 
mevalonic acid-5-D»-2-C"™ lactone was calculated to be (0.2009 + 
0.0041) * 40.21 x 23/10 = 18.58 + 0.38 atom % excess, or 
92.90 + 1.9 atom per cent excess in the hydrogen attached to 
C-5. With an allowance for the dilution by mevalonic acid 
lactone-2-C'4, the original specimen of mevalonic acid lactone- 
5-D. contained 95.32 atom per cent excess in the hydrogen 
attached to C-5. As the value of the deuterium content of the 
mevalonate-5-D2-2-C™ specimen is a vital figure in some of the 
calculations of the results, the dilution factors were checked by 
(a) measuring the mevalonate concentration of the starting solu- 
tion not only by weight but also by assay with purified liver 
mevalonic kinase (10) and (6) by measuring the radioactivity of 
the diluted benzhydrylamide. These determinations gave a 
dilution factor agreeing within 0.25% of that derived from 
weights. 

‘.Farnesyl pyrophosphate was obtained biosynthetically 
from the pLt-mevalonate-5-D2-2-C™ (see above) with the soluble 
liver enzyme preparation (Fo), and was isolated and purified as 
described previously (8); it had a specific activity of 0.015 ue per 
ymole. Presumably, the farnesol in this preparation was 


fammesyl pyrophosphate. Another specimen of C"-farnesyl 
pyrophosphate biosynthesized from (—)5-phosphomevalonate- 
2-C¥ had a specific activity of 0.6 uc per umole, and will be 
referred to as C'4-farnesyl pyrophosphate. 

Tritium-labeled TPNH (TPNH!) was made by a modification 
of the method of Conn e¢ al. (11). Fifty micromoles of TPN 
were dissolved, in a Warburg flask, in 2.5 ml of 1.3% NaHCO; 


introduced into the side arm of the flask. After attaching the 
flask to the manometer the system was equilibrated for 10 min- 
utes at 25° with a gas mixture of 95% Nz + 5% COz; then, after 
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Fig. 1. Synthesis of mevalonic acid lactone-5-D2 


closing off the gas stream, the dithionite was tipped and washed 
into the main compartment. Incubation at 25° was continued 
for 45 minutes until there was no further change in pressure of 
the system (evolution of CO:z) and most of the yellow color 
produced on addition of dithionite to the nucleotide solution had 
disappeared. At the end of the incubation the contents of the 
flask were lyophilized. The dry residue was dissolved in a few 
milliliters of H»O and 30 volumes of acetone, chilled to —15°, were 
added and the mixture kept at —15° for 45 minutes. The 
precipitated nucleotide was centrifuged off at —15° and the 
supernatant discarded. The nucleotide was dried with a current 
of air and the dry powder dissolved in 5 ml of 0.01 m KHCO3. 
The preparation was then lyophilized, the dry powder dissolved 
in 10 ml of water, and lyophilized again. The TPNH prepara- 
tion was assayed by measuring the light extinction of its solution 
at 340 my and also enzymically with glutathione reductase. 
Both tests gave identical results and indicated an 84% yield of 
the reduced nucleotide. 

The tritium content of TPNH* was measured in a Packard 
Tri-Carb scintillation spectrometer. To 15 ml of a solution of 
diphenyloxazole in toluene (5 g/liter) were added 1 ml of a 
dioxane-ethanol (1:1) mixture containing 1 ul of the TPNH?* 
solution. Appropriate controls were used to correct for quench- 
ing and the counting rate was compared with that of a standard 
tritiated toluene. The specific activity of the TPNH? was 0.975 
uc per umole, a value approximately one-fifth of that expected 
if there had been no isotope discrimination during dithionite 
reduction. The specific activity of the utilizable H was taken 
to be one-half of this value as it may be expected that the “a” 
and ‘8 positions of the dihydropyridine structure would be 
equally labeled in the specimen. 

Biosynthesis of C'4-D-Squalene—For the synthesis of squalene 
from pL-mevalonate-5-D2-2-C", for purposes of deuterium analy- 
sis and chemical degradation, the Sj» preparations of rat liver 
homogenates were used. To attain maximal yield the anaerobic 
incubations (3 hour at 37°) were supplemented with cofactors at 
the end of the first and second hour of incubation according to 
the schedule described previously (8) for the large-scale produc- 
tion of C'-cholesterol from mevalonate-3’ ,4Cs’. In all, 16 
incubations of 50 ml each were set up with Sio preparations made 
from the livers of 100 rats with a total of 2110 wmoles of the 
DL-mevalonate-5-D,.-2-C™, After saponification of the incuba- 
tion mixtures with 2 n KOH, the unsaponifiable material was 
extracted with petroleum ether (b.p. 40-50°) and the squalene 
isolated by chromatography on alumina. The hydrocarbon 
fraction from all incubations was pooled (88.8 mg, containing a 
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total of 185,500 c.p.m. counted at negligible thickness with an 
end window counter; yield 26.5% of theoretical) and the squal- 
ene, without addition of carrier, purified three times through the 
thiourea adduct (3). During these purifications the specific 
activity of the squalene increased over 2-fold indicating that not 
all the hydrocarbon obtained from the incubations was squalene. 
After the third purification, only 14.8 mg of hydrocarbon re- 
mained with a C™ content of 74,600 c.p.m., equivalent to 18.5 
pmoles of squalene synthesized de novo. This specimen will be 
referred to as the “squalene pool.” For the determination of 
the deuterium content, about 2 mg of this squalene specimen 
were added to 80 mg of purified unlabeled squalene and the 
thiourea adduct prepared from the mixture; 67.9 mg (165.6 
umoles) of squalene were regenerated which contained 8430 
c.p.m. of Cl. As the specific activity of the mevalonate used 
was 674 c.p.m. per wmole, it may be calculated that this diluted 
specimen contained 8430/674 x 6 = 2.085 umoles of newly 
synthesized squalene, and that the dilution factor was 
165.6/2.085 = 79.4. This dilution was necessary because de- 
termination of deuterium in water by the mass spectrometer is 
difficult above 0.3 atom % excess; also by the addition of carrier 
and further purification, any. nonsqualene hydrocarbon asso- 
ciated with the specimen was effectively diluted out. Three 
15-mg samples of the diluted squalene were burnt in a micro- 
analytical furnace; the water of combustion was handled as the 
samples from the mevalonobenzhydrylamide. 

The bulk of the undiluted “squalene pool’? (12 mg) was de- 
graded by ozonolysis (see below) in order to obtain the 4 central 
carbon atoms as succinic acid. 

Experiments with Tritium—For studying the incorporation of 
tritium, from either TPNH? or from H*HO, into squalene during 
its synthesis from farnesyl pyrophosphate the anaerobic microso- 
mal squalene synthetase system described previously (3) was 
used. 























A B 


Fig. 2. Equipment for microchemical manipulations. A. In- 
troduction of substance (e.g. succinic acid) in low boiling solvent 
(e.g. ether) into capillary tube. B. draining of mother liquor 
after crystallization in capillary (see also text). 


For measurement of the incorporation of tritium from H*HO | 


into farnesol of farnesyl pyrophosphate, the anaerobic F%0-en- 
zyme system, also described previously (3), was used. About 
50 mg of the F$0-proteins were incubated under N2 for 2 hours 
at 37° with 2 mm pt-mevalonate-5-D.-2-C™ (specific activity 


0.005 ue per umole), 7.5 mm ATP, 5 mm MgCh, 10 mm Naf, | 
0.1 m potassium phosphate buffer (pH 7.4), and 100 me of THO | 


in a final volume of 2 ml. At the end of the incubation, the 
allyl pyrophosphates (mostly farnesyl pyrophosphate) synthe- 
sized were hydrolyzed by acid at room temperature as described 
(3) and the liberated alcohols (mostly farnesol and nerolidol), 
after addition of about 3 mg of carrier farnesol, were extracted 
with petroleum ether (b.p. 40-50°). The petroleum extract was 
washed 3 times with water and then the extract evaporated to 
dryness under Ne; the residue was taken up in 8 ml of ethanol 
and after several hours an equal volume of water was added 
and the allylic alcohols extracted with petroleum again. The 
equilibration with ethanol and water was repeated once again to 
remove any exchangeable tritium. 

For studies on the incorporation of tritium from H*HO into 
squalene during its synthesis from pL-mevalonate-5-D.-2-C™ the 
same incubations were set up as just described for studies on 
farnesol except that a suspension of microsomes (0.15 ml), 4 mu 
TPNH, and 30 mo nicotinamide were also included in the 2-ml 
incubations. When incorporation of tritium from TPNH? into 
squalene during its synthesis from mevalonate was measured, 
identical incubations were set up except that 4 mm TPNH? was 
used instead of TPNH and the HHO was omitted. The squal- 
ene was extracted and purified by chromatography on alumina 
followed by purification through the thiourea adduct (3). 

zonolysis of Squalene—This was carried out essentially as de- 
scribed previously (12) except that for the ozonization a satu- 
rated solution of ozone in ethyl chloride at —80° was used. 
Ozone in a stream of oxygen was passed through ethyl chloride 
at —80° for 30 minutes; the deep blue ozone solution was found 
to be 0.024 m by titration with a standard solution of cyclohexene 
in ethylacetate. The squalene specimens (10 to 12 mg) dis- 
solved in ethylacetate and cooled to —80°, were added to the 
ozone solution (15 ml) at —80°; after 30 minutes at —80° the 
excess ozone was removed by a stream of O2 while the prepara- 
tion was kept at —80°. The solvent was evaporated off at room 
temperature with a further stream of O2; then 0.1 ml of acetic 
acid and 0.1 ml of H.O. (830%) were added. After standing at 
room temperature for 30 minutes 0.5 ml of water was added and 
the mixture heated to 70° for 1 hour; after cooling, the excess 
H.O, was destroyed with MnO, and the mixture acidified to 
Congo red with H.SO,. Succinic acid was then isolated as de- 
scribed (12) and was converted to succinic anhydride. 

Because the yields of succinic acid were only 1.5 to 2.5 mga 
special technique was devised for the conversion into succinic 
anhydride. The crude succinic acid, dissolved in a small volume 
of ether was introduced by means of a thin capillary Pasteur 
pipette into the bottom of a melting point tube immersed in 
water at 60° (Fig. 2A). As the ether solution drained slowly 
into the melting point tube, the ether evaporated off and left 
succinie acid behind. For each milligram of crude succinic acid 
2 mg of water were introduced into the top of the melting point 
tube with the aid of a capillary; this droplet of water was centr- 
fuged to the bottom of the tube in a hand centrifuge and the 
capillary sealed. The succinic acid was dissolved by warming 
the capillary in a water bath; the solution was then centrifuged 
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into the tapered end of the capillary. Succinic acid crystallized 
on cooling to 0°; the tapered tip of the capillary was cut off and 
the capillary placed inside another thin tube with a narrow waist 
at its lower end (Fig. 2B). After brief centrifugation, the mother 
liquor from the succinic acid drained from the open end of the 
capillary, and the crystals left bebind were washed with a few 
microliters of ice-cold water and then ether, again with the use 
of the hand centrifuge to pass the washing fluid quickly over the 
crystals. The crystals were dried in a vacuum desiccator over 
P.O; and were then dislodged with a thin gold wire and trans- 
ferred into another clean capillary, sealed at one end, and were 
weighed. Twice the weight of acetyl chloride was then intro- 
duced into the capillary, centrifuged, and the open end of the 
capillary sealed. Heating to 90-95° for 2 minutes completed the 
reaction and the succinic anhydride was allowed to crystallize in 
the tapered end of the capillary. The excess acetyl chloride was 
drained from the crystals as was the mother liquor from the 
succinic acid crystals; the crystals were washed twice with dry 
ether, the ether being drained off again on the hand centrifuge. 
The fine needles of the anhydride, 150 to 300 ug, (m.p. 117—-118°) 
were transferred into clean capillaries and weighed on a micro- 
balance. The succinic anhydride specimens obtained from the 
tritium-labeled squalenes were dissolved directly in 15 ml of 
scintillator solution and assayed for tritium and C™ in a Packard 
Tri-Carb scintillation spectrometer. The specimen prepared 
from the deuterium-labeled “squalene pool” was analyzed in the 
mass spectrometer of the Department of Chemistry, Karolinska 
Institutet, Stockholm. 

From the mother liquor of the crystallized succinic acid derived 
from the “squalene pool” a second crop of 0.82 mg of succinic 
acid was obtained and was diluted with 0.86 mg of unlabeled 
succinic acid; the mixture was methylated with freshly distilled 
diazomethane in ether and the dimethylsuccinate distilled from 
a bulb 1 cm in diameter into a capillary. A sample of this 
specimen (dimethyl squalene succinate) was analyzed by gas- 
liquid radiochromatography (13) and was found to be 98% pure; 
it contained C™ in an amount which indicated that 20.95% of 
the succinic acid obtained from the ozonolysis must have come 
from parts of the squalene other than the 4 central carbon atoms, 
presumably, from the oxidation of levulinic acid (9). The 
dimethyl squalene succinate was also analyzed in the mass 
spectrometer. 

In order to test for the possibility that during cleavage of 
squalene-ozonide exchange of hydrogen attached to the 2 central 
carbon atoms of squalene occurred by enolization of succinal- 
dehyde (which presumably is an intermediate during the oxidative 
cleavage of the ozonide), two samples of unlabeled squalene (53 
mg each) were ozonized as described above except that for the 
cleavage of the ozonides 0.5 ml of CH;COOD and CH;COOH!, 
respectively, were used together with 0.5 ml of H.O».. The 
deuterium and tritium-labeled acetic acid was made by hydrolyz- 
ing 510 mg of acetic anhydride with 100 mg of 99.75% D.O or 
with 90 mg (90 mc) of H*HO. The two specimens of succinic 
acid were converted into the anhydrides by the microchemical 
procedure described above. The analysis of these anhydrides 
indicated that not more than 0.15% of the hydrogen in the 
succinic acid was exchanged during ozonolysis. 

Counting of C'4 and of Tritium—For specimens containing C™, 
counting with an end window counter (3) as well as with a liquid 
scintillation counter was employed. Preparations containing 
tritium, or C™ and tritium, were assayed in a Packard Tri-Carb 
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scintillation spectrometer. The efficiency of counting C™ varied 
between 34 and 52% and that of tritium between 14 and 22%. 
One C* and tritium standard was used throughout the experi- 
ments for comparison with the samples, so that absolute values, 
when necessary, could always be referred to the same standard. 

Deuterium analyses on the water of combustion obtained 
from squalene, mevalonobenzhydrylamide, and the synthetic 
deuterio-succinic acids (see below) were carried out in a mass 
spectrometer at Karolinska Institutet, Stockholm, by measuring 
the ratio of 1/3:M2 in the hydrogen gas derived from the water 
samples. A calibration curve of the instrument was obtained 
with standard D.O samples. The deuterium content of the 
water samples to be analyzed was very close to that of two of the 
standards (0.179 and 0.249 atom % excess). The standard 
deviation of the determinations in the range of 0.089 to 0.260 
atom % excess was about +0.005 atom % excess. Over 20 
measurements were made on standards interspersed with 
samples. 

Symmetrical Dideuterio-Succinic Acid (HO.C-CHD-CHD. 
CO.H)—Maleic anhydride (0.5 g) was dissolved in 4.55 ml of 
99.75% D.O and a total of 13 g of 2% sodium amalgam was 
added in small portions to the solution. Reduction was com- 
plete as judged by disappearance of ultraviolet light absorption 
(end absorption). The reaction mixture was acidified with HC] 
gas and the Hg separated. The solution was evaporated to dry- 
ness in a vacuum and the residue dissolved in H,O (10 ml) and 
evaporated, this process of exchanging labile deuterium with 
hydrogen being repeated once more. The succinic acid was 
extracted with acetone, and the solution concentrated for the 
crystallization of the acid; yield 410 mg (m.p. 185.5-187°); D, 
30.20 atom % excess. 

Unsymmetrical Dz-succinic Acid (HOC-CD.-CH.CO.H)— 
Triethy] ethane-1,1,2-tricarboxylate (0.5 g) was heated with 4.6 
ml of D.O in a sealed tube at 160° for 3 hours to give the products 
as shown: 


Et0O.C 
D.O 
CH—CH.—CO0O.Et —j60° 3 EtOD + CO, 
Et0O.C 


+ DO:C-CD:-CH:-CO2D. 


The labile deuterium in the succinic acid was exchanged with H 
and the succinic acid crystallized as described for the symmetrical 
D.-succinic acid. Yield 95 mg (m.p. 183.5-184.5°); D, 33.15 
atom % excess. 

Ds-Succinic Acid (HO.C-CD2-CD2-CO.H)—This was made 
from tetraethyl ethane-1,1,2,2-tetracarboxylate by the same 
procedure as the unsymmetrical D--succinic acid. The yield 
from 650 mg of the tetracarboxylate was 95 mg of recrystallized 
succinic acid (m.p. 183-183.5°); D: 63.80 atom % excess. 

For the determination of deuterium content the deuterio-suc- 
cinic acids were diluted with unlabeled succinic acid and were 
burnt in a microanalytical furnace and the water of combustion 
analyzed for deuterium in the mass spectrometer. 

A few milligrams of each succinic acid specimen were converted 
into succinic anhydride by heating in a sealed tube with acetyl 
chloride. The deuterio-succinic anhydrides were then analyzed 
in the mass spectrometer. In order to check for the possibility 


1 This reaction has been stated to give sym-Dz-succinic acid. 
No experimental evidence was adduced. 
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that some hydrogen exchange may occur during preparation of 
the anhydrides or during mass spectrometry a specimen of the 
Desuccinic acid (2.12 mg) was mixed with an equal weight of 
unlabeled succinic acid and the anhydride prepared from the 
mixture. Dimethyl D,-succinate was also prepared by methyla- 
tion of the acid with diazomethane. 

The specimens of deuterio-succinic anhydrides and dimethyl 
D,-succinate were used as reference compounds for the analysis 
of squalene succinic anhydride and of the dimethyl squalene 
succinate by the mass spectrometer.” 


RESULTS 


Deuterium Content of Squalene Biosynthesized from Mevalonate- 
§-D.-2-C''—The data on the deuterium analyses of squalene 
biosynthesized with the S,o-liver preparations from mevalonate- 
5-D,.-2-C™ are shown in Table I. The value found, 21.07 + 0.63 
atom % excess, agreed best with the assumption that the hydro- 
carbon contained 11 atoms of deuterium derived from the mev- 
alonate and not 10 as reported by Rilling and Bloch (5) for 
squalene biosynthesized in a yeast enzyme system. This con- 
clusion as to the number of deuterium atoms present in the 
squalene is based not only on the determination of its total 
deuterium content, however, but also on the mass spectrometric 
analysis of the succinic anhydride and of the dimethyl succinate 
obtained by the degradation of the “squalene pool.” 

Mass Spectrometric Analysis of Succinic Anhydride and Di- 
methyl Succinate Obtained from Ozonolysis of ‘“Squalene Pool”— 
The results given in Table I implied that 1, out of a possible 
maximum of 12 atoms of deuterium, was lost during the enzymic 
synthesis of squalene from 6 molecules of mevalonate-5-D:. As 
it was conceivable that the derived value for the deuterium con- 
tent of the squalene was in error owing to the relatively large 
correction factor (79.4) used in the calculations, it became neces- 
sary to obtain a more direct evidence on the distribution of 
deuterium in the biosynthetic squalene. 

If indeed 1 atom of deuterium was lost during the biosynthe- 
sis, it appeared most probable that this had occurred at one of 
the 2 central carbon atoms of squalene, both of which are fur- 
nished by C-5 of mevalonate (9). The nature of the hydrogen 
atoms attached to the 2 central carbon atoms was therefore 
examined by degradation of the biosynthetic squalene. The 
succinic acid (or its anhydride) obtained through the ozonolysis 
of squalene is derived mostly from the 4 central carbons of the 
hydrocarbon and contains the 4 hydrogen atoms attached to 
the 2 central carbons of squalene. If the data shown in Table 
I are correct, the largest proportion of the molecules in the suc- 
cinic anhydride specimen prepared from the “squalene pool” 
should contain 3 atoms of deuterium. 

Succinic anhydride specimens labeled variously with deute- 
rium (symmetrical D2-, asymmetrical D2-, and D,-succinic an- 
hydride) can be distinguished by their infrared spectra and, as 
will be shown, by their mass spectra. The mass spectrometric 
analysis had advantages here because of its higher sensitivity 
and, probably, greater reliability for sorting out a mixture of 
molecules labeled in different ways, if such were encountered. 

Succinic anhydride and dimethy] succinate, like other organic 
molecules, when introduced into a mass spectrometer undergo 


2 The three deuterio-succinic anhydrides and normal succinic 
anhydride all gave sharp, many banded infrared spectra (KCl 
microplates). Each of these spectra differed markedly from the 
others. 
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TABLE I 


Data from deuterium analyses of mevalonate-§-D2-2-C'4 and on 
squalene biosynthesized from it 





Deuterium content 
atom % excess 





Mevalonate-5-D2-2-C4 
Benzhydrylamide diluted 40.21-fold; mean 
of 5 determinations...... 


nie va aie see sieea fe QOOe a OLO04I 
Mevalonic acid lactone; value corrected 


Re IOI Soe Siu ncn G acon en eee aaren 18.58 + 0.38 
Deuterium content calculated for hydrogen 
Gs ok hacrot eter ner nee ner 92.90 + 1.90 
Squalene 
Specimen diluted 79.4-fold; mean of 6 deter- 
WRRMRNONRE SS Scene ecee tn seas euneeewsien 0.2654 


Observed value corrected for dilution....... 
Calculated values: 

Assuming 12 atoms of deuterium..... 22.30 0.46 

Assuming 11 atoms of deuterium..... 4 0.42 

Assuming 10 atoms of deuterium de- 

rived from mevalonate-5-D2-2-C™.. 





18.58 + 0.38 





*Standard deviation of deuterium analyses. The error of 
determinations in the case of squalene might be slightly larger 
than indicated by the standard deviations as the dilution factor 
for squalene was arrived at from C** counts which had a standard 
error of about +1%. 


various forms of fragmentation under bombardment with an 
electron beam. The cracking is characteristic of the chemical 
nature of the substance, and the ions formed from the fragments 
give a characteristic “cracking spectrum.” Usually, the molecu- 
lar ions (M) are of very much lower intensity than the ions 
derived from the fragments; on occasion, as was the case with 
dimethyl] succinate, M may not be measurable. With the suc- 
cinic anhydrides M, although of low intensity, could be measured, 
but in this case the molecular ions tended to capture a hydrogen 
or a deuterium atom and gave peaks at (M + 1) and (M + 2); 
the size of such peaks was in some of the spectra even larger 
than that of the peak at m/e (mass/electronic charge) = M. 
Consequently, the heights of peaks at m/e = M could not be 
used for determining the number of deuterium atoms in the 
squalene succinic anhydride. 

The data obtained from the mass spectrometry of the various 
succinic anhydride specimens are shown in Table II and Fig. 3. 
In Table II the proportions of the various fragments are ex- 
pressed as a percentage of the most abundant ion in the particu- 
lar spectrum and the fragments are arranged in three groups. 
In Fig. 3 each group of fragments is treated individually, and 
the abundance of each fragment is expressed as a percentage of 
the most abundant fragment in that group. To evaluate 
correctly the mass spectrum of the squalene succinic anhydride 
specimen, it was necessary to study the mass spectrometric be- 
havior not only of the nonisotopic anhydride but also that of 
synthetic deuterio compounds. 

Mass Spectra of Succinic Anhydrides—These are consistent 
with a cracking of the molecules shown in the formulas of Fig. 
4. In addition to this basic fragmentation each hydrogen- 
containing, or deuterium-containing fragment suffered to a vary- 
ing extent a loss or a gain or both of 1 or 2 hydrogen (or deute- 
rium) atoms. This phenomenon will be referred to as “hydrogen 
rearrangement,” the assessment of which was important for de- 
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ducing the labeling of the squalene succinic anhydride. It was 
difficult to determine precisely the extent of these hydrogen 
rearrangements among the fragments of Group I and Group II 
(Table II) because the peak at m/e 28 can be given both by the 
CO ion and by the ions CH.-CH2 and CD-CD and because the 
peak at m/e 44 can be both CO. and CD:2-CO. 

Group I Fragments—The largest peak in the spectrum of nor- 


TaBLe II 


Mass spectrometric analysis of normal and of 
deuterio-succinic anhydrides* 











Type of anhydride 
—CD: 

SFiragments |Fraement’) cer, | cop | —cp, | —cps dp * — 
| | | —CH: succinic 

—CH: | —CHD | —CH: | —CD: anhy- 

— CH dride 

m/e Relative abundance of fragments® 

25 2.5 1.6 0.4 0.2 3.3 0.8 

26 20.9 7.2 6.0 3.2 | 22.3 5.3 

27 19.2} 20.6] 19.1 2.5) 19.9] 15.6 

28 100.0 | 21.0] 20.3] 32.8 | 100.0 | 32.9 

Group I 29 4.7} 35.0] 26.2 4.1 6.7 | 23.0 
30 1.0 | 100.0 | 100.0 | 28.1 13.8} 53.1 

31 0.3 3.1 18.1 | 24.9] 13.4 | 100.0 

32 0.4 0.17) 1.3] 100.0] 50.4 2.9 

33 0.0 0.0 0.0 ie | 1.3 0.0 

40 0.3 0.6 0.6 1.3 0.8 0.9 
41 1.5 2.2 1.4 0.9 2.2 1.8 

42 5.2 1.7 3.0 1.9 4.6 2.7 

Group II 43 1.0 6.5 1.8 1.8 0.6 4.3 
44 4.0 3.4 5.9} 10.3 6.6 | 12.9 
45 1.2 0.7 0.8 0.4 0.9 1.2 
46 0.1 0.4 0.4 0.9 0.4 0.7 
54 0.5 1.2 1.3 1 Pe 0.9 1.2 
55 3.0 1.9 0.9 0.8 3.6 1.5 
56 48.1 2.4 2.0 0.7 | 45.0 5.7 
_ 57 2.1 12.0 7.9 1.3 3.2 5.2 
Group III 58 0.2} 50.2) 52.9 3.2 1.9 | 25.0 
59 0.1 2.1 10.0 | 13.2 6.3 | &4.2 
60 0.09} 0.25) 0.9 | 57.4) 25.4 2.1 
61 0.0 0.0 0.07) 2.3 0.9 0.0 
62 0.0 0.0 0.0 0.2 0.07; 0.0 


























* The mass spectra were taken with a 70-ev electron beam. 

>The fragments are denoted by their mass-electronic charge 
ratios (m/e). As the fragments carry commonly one unit of posi- 
tive charge, the figures represent the molecular weight of the frag- 
ments. 

¢The succinic anhydrides are denoted by their methylene car- 
bons. The “‘squalene succinic anhydride” was obtained from the 
ozonolysis of squalene biosynthesized from mevalonate-5-D»-2-C', 

¢ The values represent the relative intensities of the various ion 
beams expressed as a percentage of the ion beam of the highest 
intensity. The records were taken with a five-channel recording 
galvanometer; the heights of the most prominant peak in the 
various spectra in terms of the most sensitive recording were: 
normal (nonisotopic) succinic anhydride at m/e 28, 4140 mm; 
symmetrical D2-succinic anhydride at m/e 30, 2385 mm; asym- 
metrical D2-succinic anhydride at m/e 30, 4200 mm; D,-succinic 
anhydride at m/e 32, 4860 mm; succinic anhydride made from D,- 
succinic acid + H,-succinic acid at m/e 28, 4260 mm; squalene 
succinic anhydride at m/e 31, 5660 mm. 
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drides. The anhydrides are denoted by their methylene groups. 
For each group of fragments the abundance of fragments is ex- 
pressed as a percentage of the most abundant ion in the group. 


























mal succinic anhydride was at m/e 28; corresponding to this in 
the spectra of the two D.-anhydrides the most abundant ion 
was at m/e 30, and in the spectrum of the D,-anhydride at m/e 
32. The specimen from squalene showed the largest peak at m/e 
31 indicating that by far the largest proportion of its molecules 
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Fia. 4. Cracking of succinic anhydride in the mass spectro- 
meter. 


contained 3 atoms of deuterium. Clearly, this most abundant 
fragment can be safely attributed to the ethylene ion, which can 
lose readily 1 or 2 H atoms as judged by the presence of large 
peaks at m/e 27 and m/e 26 in the normal spectrum. The loss 
of 1 or 2 atoms of deuterium from the labeled fragments should, 
of course, produce peaks at 2 or 4 mass units lower than the 
basic peak, and these were present. Because of this circum- 
stance, it was impossible to deduce accurately the size of the 
contribution of the CO ion to the peak seen at m/e 28, but prob- 
ably this is not more than 20% of the size of the ethylene ion 
peak. The presence of a relatively large peak at m/e 31 in the 
spectrum of the D,anhydride suggests that this synthetic speci- 
men contained a number of molecules with only 3 atoms of deu- 
terium. 

Group II Fragments—The ions formed in Group II were of 
relatively low intensity and may be attributed to the two frag- 
ments shown as (c) and (d) in Fig. 4. The ketene ion derived 
from one-half of the succinic anhydride molecule cannot, of 
course, be used to decide the extent of the labeling of the squal- 
ene succinic anhydride, but it can at least be deduced from the 
data that the specimen consisted of molecules containing the 
groups CH,;-CO, CHD -CO (large peak at m/e 43), and CD2-CO 
(the height of the peak m/e 44 was greater than that of m/e 42 
or of m/e 43, and therefore the peak at m/e 44 can only partly 
be attributed to COs). 

The fragments of Group II are of interest, because, taken 
together with information provided by the fragments in Group 
I and Group III, they allow us to distinguish between a sym- 
metrically and an unsymmetrically labeled D--succinic anhy- 
dride. The symmetrical D.-anhydride gave a peak of relatively 
high intensity at m/e 48 (CHD-CO), whereas with the asym- 
metrical D2-anhydride the peaks at m/e 42 (CH2-CO) and at 
m/e 44 (CDz-CO plus CO.) predominated. 

Group III Fragments—The peaks in Group III are related to 
the fragment (M — 44) shown in Formula (e) of Fig. 4. In this 
group of fragments the extent of hydrogen rearrangements is far 
less than in the other two groups and consequently the labeling 
of the squalene succinic anhydride molecules may be deduced 
more readily from this group of fragments than from any other. 
Simple comparison of the sizes of these fragments in the spectra 
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of the anhydrides leads to the conclusion, already inferred from 
the Group I fragments, that the majority of the molecules in the 
squalene succinic anhydride specimen contained 3 atoms of deu- 
terium and that only a small proportion (probably not more than 
10%) of the molecules were unlabeled. 

In the spectrum of the normal as well as the D.- and D,-suc- 
cinic anhydrides the largest peak was at m/e (M —44), 7.e. at 
m/e 56 for normal, at m/e 58 for the two D2-anhydrides, and at 
m/e 60 for the D.s-anhydride. The anhydride prepared from a 
mixture of nonisotopic and from D,-succinic acid gave two large 
peaks, one at m/e 56 and the other at m/e 60. The specimen from 
squalene had the largest peak in this group of fragments at m/e 
59. The size of the peak at m/e 60 for the squalene anhydride 
was of the same size as the size of the peaks at m/e [((M—44) +1] 
in the spectra of the other anhydride specimens (excepting the 
asymmetrical D2-anhydride) and therefore it cannot be attrib- 
uted to molecules containing 4 atoms of deuterium, but only to 
the natural occurrence of C™ and to a proportion of the CHD. 
CD,-CO ions capturing a hydrogen atom. The size of the peak 
at m/e 58 in the spectrum of the squalene anhydride was, on the 
other hand, much larger than the size of the peaks at m/e [(M- 
44) —1] for the various reference anhydrides. If we assume that 
D;-succinic anhydride behaves like the symmetrical De- or the 
D,-anhydride, we may calculate that in the spectrum of the 
squalene anhydride a relative height at m/e 58 of 25 — 54.2 x 
0.24 = 12 may be attributed to ions containing 2 atoms of deu- 
terium. The size of the peak at m/e 57, on the other hand, can 
be accounted for almost entirely by the sum of the following 
rearrangements: (a) loss of a deuterium atom from the ion m/e 59 
(relative size of this contribution: 54.2 X 3.2/57.4 = 3.02); (6) 
the loss of a hydrogen atom from the Dez peak m/e 58 = 12 
(relative size of contribution 12 X 7.9/52.9 = 1.8); and (c) the 
size of the [(M —44)+1] peak (0.23) expected from the height of 
the nonisotopic peak at m/e 56. The total contribution to the 
size of the peak at m/e 57 of the squalene anhydride from these 
three sources is a relative peak height of 5.05; the small excess 
of 5.2 — 5.05 = 0.15 is probably not significant. 

These calculations led to the conclusion that the specimen of 
squalene succinic anhydride contained unlabeled, D2 and D; 
molecules in the approximate proportions of 5:12:54; there were 
no molecules with 4 atoms of deuterium and probably insignifi- 
cant numbers containing 1 atom of deuterium. It would not be 
very meaningful to attempt to calculate these ratios more closely 
as the degree of hydrogen rearrangements of D;-succinic anhy- 
dride in the mass spectrometer is not known precisely. It is 
probable that the D2 molecules in the squalene succinic anhy- 
dride specimen were not derived from the center of squalene 
(see below) and were asymmetrically labeled. 

Although the analysis of the succinic anhydride specimen made 
from a mixture of normal and D,-succinic acid excluded the 
possibility that the D;-succinic anhydride from squalene was an 
artifact of D,s-succinic acid, nevertheless we felt it necessary to 
examine the squalene succinic acid as the dimethy] succinate also 
in the mass spectrometer. 

Mass-Spectra of Dimethyl Succinates—On the advice of Pro- 
fessor Einar Stenhagen, the mass spectra of dimethy] succinates 
were taken not only with the standard 70-ev electron beam but 
also with a beam of 15-ev energy in order to reduce the chances 
of hydrogen rearrangements in the ions of fragmentation. The 
effect of taking the mass spectra with an electron beam of 15-ev 
energy was to reduce greatly the intensity of all peaks and to 
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eliminate some of those seen at 70 ev; however, the results were 
essentially the same as those obtained with the more energetic 
electrons. 

The cracking spectrum of dimethyl succinate is far more com- 
plex than that of succinic anhydride and it would not be relevant 
to our subject to discuss it in detail. We will consider only two 
groups of fragments (Group IV and V), both of which contained 
the 2 methylene carbons (with the H atoms attached) of succi- 
nate. Fig. 5 shows the complete spectra of normal dimethyl 
succinate, of dimethyl D,-succinate, and of dimethyl squalene 
succinate. In Table III the abundances of the fragments in 
Groups IV and V are shown relative to the most abundant ion 
in each group. 

The main fragment in Group IV was at m/e (M — 59), which is 
the ion formed by the elimination of one CH;0-CO group from 
dimethyl succinate. In the spectra of the normal and tetradeu- 
terio substance this peak was at m/e 87 and m/e 91, respectively. 
In the spectrum of the dimethyl squalene succinate the two 
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Fig. 5. Mass spectrum of dimethyl squalene-succinate com- 
pared to that of normal and of dimethyl D,-succinate. The 
specimen obtained from squalene (0.82 mg) was diluted with non- 
isotopic substance (0.86 mg). 
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Relative intensities of fragments (group IV and group V) in mass 
spectra of dimethyl succinates* 


| 





Spectral | 























| Normal succinate D,-Succinate ——_. 
group of | Fragment | = 
fragments | 
| 70 ev 15 ev 70 ev 15 ev 70 ev 15 ev 
m/e Relative abund of frag ts© 
82 19; 0.0; 2.5; 00| 26] 3.9 
83 5.5 4.0 51.0 22.4 7.5 6.8 
| 84 2.8 4.0 2.6 3.9 4.7 5.9 
85 8.0 7.9 32.0 54.6 12.8 15.5 
86 8.3 11.2 4.5 3.9 10.2 15.5 
Group IV 87 100.0 | 100.0 7.0 9.8 | 100.0 | 100.0 
88 6.6 7.9 5.5 6.9 11.6 15.5 
| 89 0.1 0.0 6.8 8.7 16.2 19.4 
| 90 0.0 0.0 23.7 23.5 | 32.6 35.3 
| 91 0.0 0.0 | 100.0 | 100.0 3.5 7.8 
| 92 0.0 0.0 9.9 12.7 a 0.0 
| 98 0.0; 00; 1.1] 0.0; 1.1] 0.0 
113 0.6 1.4 0.0 0.0 0.9 0.0 
114 25.4 30.3 0.0 0.0 24.9 30.4 
115 100.0 | 100.0 0.4 0.6 | 100.0 | 100.0 
116 6.0 6.1 2.5 3.0 13.0 14.3 
Group V 117 0.9 0.0 17.0 20.1 19.1 20.4 
118 0.0 0.0 22.9 22.5 38.4 38.4 
119 0.0 0.0 | 100.0 | 100.0 3.7 3.9 
120 0.0 0.0 6.4 6.4 0.5 0.6 
121 0.0 0.0 1.0 1.0 0.0 0.0 




















*The spectra were taken with 70-ev and 15-ev electron 
beams. 


> The succinic acid (0.82 mg.) obtained from the ozonolysis of 
squalene was diluted with unlabeled succinic acid (0.86 mg.). 

¢ The abundance of fragments is given as a percentage of the 
most prominent fragment in each group. 


largest peaks in this group were at m/e 87 and at m/e 90. It 
should be recalled that this specimen of squalene succinate was 
diluted with a little over its own weight of unlabeled succinate 
(see “Experimental Procedure”). We cannot account satisfac- 
torily for the relatively large peaks at m/e 83 and 85 in the 
spectra of D,-succinate; it is probable that these arose by recom- 
bination of some fragments. 

The main fragment in Group V was at m/e (M — 31) formed by 
the elimination of one CH;0 group from dimethyl succinate 
which gave the peak m/e 115 for the normal and the peak m/e 
119 for the D,-succinate. In both the 70 ev and 15-ev spectrum 
of the squalene succinate the two largest peaks in Group V were 
at m/e 115 and at m/e 118, with a significantly large peak also 
at m/e 117. 

Closer analysis of the spectra of dimethyl squalene succinate, 
which need not be detailed, again revealed no D, or D, molecules 
in the specimen and indicated that approximately 80% of the 
labeled molecules in it contained 3, and 20% contained 2 atoms 
of deuterium. 

The analysis of the succinic acid obtained from the “squalene 
pool” thus confirmed the results shown in Table I and we there- 
fore conclude that the disposition of hydrogen atoms around the 
2 central carbon atoms of squalene biosynthesized from mevalon- 
ate-5-D2 is —CHD-CD.—. 

Incorporation of Tritium into Squalene during Its Biosynthesis 








1942 


from Farnesyl Pyrophosphate—Since each of the 2 central carbons 
of squalene is derived from C-5 of mevalonate (9), and since C-5 
of mevalonate becomes C-1 of farnesyl pyrophosphate, the re- 
sults so far presented can only mean that one of the hydrogen 
atoms attached to C-1 of 1 of the 2 farnesyl pyrophosphate 
molecules must have been exchanged for another one during con- 
densation to squalene. The 1 newly introduced hydrogen atom 
in squalene (which replaced the lost deuterium atom) had two 
possible sources: it could have come from TPNH, which is an 
essential coenzyme of the microsomal squalene synthetase sys- 
tem (8), or from the water of the incubation medium. The 
possible incorporation of tritium from either H3HO or from 
TPNH! into squalene during its biosynthesis from C1*-farnesyl 
pyrophosphate was therefore tested. The results of these ex- 
periments are presented in Tables IV and V. In view of the 
data reported by Rilling and Bloch (5), incorporation of tritium 


TABLE IV 
Synthesis of squalene from C14-farnesyl pyrophosphate in the 
presence of TPNH? or of H®HO 
Each tube contained in a final volume of 1 ml: microsome sus- 
pension, 0.1 ml; C'-farnesyl pyrophosphate, 0.075 mm (0.075 
umole per ml); MgCle, 5 mm; nicotinamide, 30 mm; NaF, 10 mm 
and KPO, buffer, pH 7.4,0.1 m. Tubes 1, 2, 5, and 6 contained 
also 3.6 mm TPNH and Tubes 3 and 4, 3.6 mm TPNH? (3.5 ue of 




















tritium). Tubes 5 and 6 contained 200 mec of H*HO. Incubation 
was under N;: for 2 hours at 37°. 
| | Radioactivity in | 
Tube | Source of sample counted | Squalene H in squalene Hin 
No. tritium = |———| formed | formed squalene 
| cu | Tritium | | 
c.p.m. pmole | ug atom | — 
1 None 28,343) 0.021 | | 
2 None 29 , 908) 0.022 | 
3 TPNH? | 21,945) 3292 | 0.016 (0.0134 | 0.82 
4 TPNH? 22,499) 3139 | 0.017 |0.0128 | 0.76 
5 H*HO 27,562) 240 | 0.0205/2.64 xX 10-4/| 0.013 
6 H*HO 28 , 645) 292 0.0213)3.22 xX 10-4 | 0.015 
TABLE V 


Synthesis of squalene from C'4-farnesyl pyrophos- 
phate or from C'4-D-farnesyl pyrophosphate 
in presence of TPNH? or of H*?HO 

The conditions of the incubations were as shown for the experi- 
ment of Table IV. Tubes1,3, and 5 contained 0.075 mm C!“far- 
nesyl pyrophosphate (specific activity 0.6 uc per umole), and Tubes 
2, 4, and 6 contained 0.072 mm C"-D-farnesyl pyrophosphate 
(specific activity 0.015 ue per umole). 




















| pcan ape : | = | 
| sam counte In * 
Tube No. | “Citi | | Sgualene | squalene | ,2.i2,, 

| cu | Tritium | 

| c.p.m. pmole ug. atom og 
1 | None 23,178 | 0.0171 
2 | None 579 | 0.0171 
3 | TPNH? | 22,414 | 2,422 | 0.0166 | 0.010 | 0.60 
4 | TPNH? 741 | 2,999 | 0.0219 | 0.012 | 0.55 
5 | HHO | 23,800 0 | 0.0176 | 0.000 | 0.00 
6 | H*HO 565 0 | 0.0167 | 0.000 | 0.00 
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into squalene from the water of the incubation medium was 
expected. Surprisingly, this could not be demonstrated. As 


| 


the specific activity of the C™-farnesyl pyrophosphate used in | 


the first experiments was high (0.6 ue per umole) (Table IV), | 
the possibility had to be considered that the relatively smal] | 


amounts of tritium that might have been present in the squalene 
were missed because of faulty technique in the simultaneous 
counting of tritium and C“. The experiments were therefore 
repeated with the use of the C'-D-farnesyl pyrophosphate 
(specific activity 0.015 uc per umole) as substrate (see “Experi- 
mental Procedure’’). As indicated by the data in Tables IV and 
V, regardless of the farnesyl pyrophosphate preparation used, only 
insignificantly small amounts of tritium, or none at all, entered 
into squalene from the water of the incubation medium. When, 
however, TPNH® was used in the incubations 0.55 to 0.82 ug, 


— 


atom of hydrogen, measured as tritium, was found per umole of | 


squalene synthesized. Considering that in the experiments with 
HHO as much as 200 me of tritium were present in the 1-ml 
incubations, in contrast to only about 3.5 uc in the experiments 
with TPNH°, the results leave no doubt that the origin of the 
odd hydrogen atom in the center of squalene is the reduced 
pyridine nucleotide. 

Incorporation of Tritium into Farnesol of Farnesyl Pyrophos- 
phate and into Squalene during Biosynthesis from Mevalonate— 
Although our results differed fundamentally from those of Rilling 
and Bloch (5), it did not seem very probable that the mechanism 
of squalene biosynthesis in the yeast enzyme system differed 
from that in the liver. It seemed likely instead that some non- 
specific process in the cruder enzyme system which synthesized 
squalene from mevalonate may have been responsible in some 
way for the incorporation of H from the water of the incubation 
medium into the central positions of squalene observed by Rilling 
and Bloch (5). In order to test this question, we examined the 
labeling of farnesol from farnesyl pyrophosphate, and of squalene, 
during their synthesis from mevalonate in the presence of HHO, 
and also the transfer of tritium from TPNH? to squalene during 
squalene synthesis from mevalonate. In these experiments, the 
results of which are shown in Table VI, control incubations were 
also included in which squalene was synthesized from farnesyl 
pyrophosphate with the microsomal enzyme system in the pres- 
ence of TPNH? or of H*HO. The results confirmed again the 
transfer to tritium from TPNH! (but not from H*HO) to squalene 
when this was synthesized from farnesyl pyrophosphate (incu- 
bations A-3 and B-3). However, the extent of labeling of 
squalene with tritium during its synthesis from mevalonate in 
the presence of H*HO, 1.5 to 1.6 ug atoms per umole (incubations 
A-5 and B-5), was significantly greater than that expected from 
the tritium content of the farnesol (from farnesyl pyrophosphate) 
synthesized from mevalonate with the F50-soluble enzymes in 
the presence of H*HO. If squalene had been synthesized from 
farnesyl pyrophosphate containing 0.38 to 0.49 ug. atom of 
labeled hydrogen per umole of farnesol (cf. incubations A-4 and 
B-4) without any further incorporation of tritium from the water 
of the medium, the expected content of labeled hydrogen in 
squalene should have been only 0.8 to 1.0 wg. atom per pmole. 
Furthermore, when squalene was synthesized in the complete 
liver system from mevalonate with TPNH? only 0.04 to 0.05 ug. 
atom of labeled hydrogen appeared per umole of hydrocarbon 
(incubations D-1 and D-2) in contrast with 0.6 to 0.82 ug. atom 
per umole when farnesyl pyrophosphate was the substrate in the 
microsomal system. 


— 
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TaBLe VI 
Incorporation of tritium into squalene and farnesol of farnesyl pyrophosphate 
Radioactivity in = 
b Prod ug atom H incor- 
Ses. Enzyme system® Substrate Product | Source of ee calculated yooaied per enete 
cu Tritium from tritium 
c.p.m, pmoles 
A-l Microsomes C'4-D-farnesyl pyrophosphate | Squalene | None 498 0.020 : 
A-2 Microsomes C'4-D-farnesyl pyrophosphate | Squalene | H3HO 420 59 | 0.017 0.01 
A-3 Microsomes C14-D-farnesyl pyrophosphate | Squalene | TPNH® 345 | 1,248) 0.014 0.57 
A-4 F3o-enzymes Mevalonate-5-D.-2-C™ Farnesol | H*HO 1130 | 5,191 | 0.227 0.39, 0.38¢ 
A-5 F%o-enzymes + microsomes | Mevalonate-5-D»2-2-C™ Squalene | H*HO 1497 | 14,237 | 0.150 1.61, 1.604 
B-l Microsomes C'4-D-farnesyl pyrophosphate | Squalene | None 659 0.021 
B-2 Microsomes C'4-D-farnesyl pyrophosphate | Squalene | H*HO 612 62 | 0.019 | <0.01 
B-3 Microsomes C'*-D-farnesyl pyrophosphate | Squalene | TPNH? 478 | 2,303 | 0.014 0.63 
B-4 F$o-enzymes Mevalonate-5-D»2-2-C™ Farnesol | HHO 611 | 4,342 | 0.144 0.49 
B-5 F%o-enzymes + microsomes | Mevalonate-5-D.-2-C" Squalene | H*HO 2972 | 31,923 | 0.147 1.48 
D-1 F%o-enzymes + microsomes | Mevalonate-5-D2-2-C" Squalene | TPNH? 879 250 | 0.130 0.04 
pz Fo-enzymes + microsomes | Mevalonate-5-D.-2-C™% Squalene | TPNH? 801 294 | 0.119 0.05 























* The composition of incubations containing microsomes alone was exactly the same as that of the corresponding incubations shown 
in Table IV except that the substrate used here was C'*-D-farnesyl pyrophosphate, 0.072 umole per ml. The composition of the F%- 
enzyme system synthesizing farnesyl pyrophosphate from mevalonate and of the F$> + microsomal system synthesizing squalene from 


mevalonate was as described under ‘‘Experimental Procedure.”’ 


>In some of the experiments only a portion of the product was counted; the counts given are those actually observed. 
¢ Value after third exchange of labile tritium (cf. ‘Experimental Procedure’’). 


4 Value after purification of squalene through thiourea adduct. 


Location of Tritium in Squalene Specimens Biosynthesized from 
Farnesyl Pyrophosphate with TPNH?®, or from Mevalonate with 
HHO and TPNH*—The various tritium-labeled specimens of 
squalene, synthesized under identical conditions, were pooled for 
degradation by ozonolysis in order to determine how much of 
the tritium was attached to the 2 central carbon atoms of squal- 
ene. Several of the squalene specimens had to be recovered 
from the liquid scintillator solutions, which was achieved by 
chromatography on alumina. The pooled scintillator solutions 
(30 ml) were passed through 10-g alumina columns (Woelm, 
neutral, grade II), the squalene being eluted with 50 ml of 
petroleum ether. The eluate, a mixture of toluene and petro- 
leum ether, contained not only the squalene but also small 
amounts of the diphenyloxazole scintillator. After evaporation 
of the eluate under reduced pressure, the squalene was taken up 
in a few milliliters of petroleum ether and chromatographed again 
on alumina; the petroleum ether eluate now contained only the 
squalene, which, after the evaporation of the solvent, was purified 
through the thiourea clathrate. Portions of the squalene speci- 
mens, regenerated from the clathrate and weighed on a micro- 
balance, were used for the determination of specific activities 
(C“ and tritium); the bulk of the specimens (8 to 15 mg) were 
then degraded by ozonolysis (see “Experimental Procedure’). 
Only the succinic acid fragment was examined for tritium con- 
tent. The results shown in Table VII indicated that the entire 
tritium content of all the specimens of squalene biosynthesized 
from either farnesyl pyrophosphate or from mevalonate in the 
presence of TPNH? could be accounted for in the hydrogens 
attached to the 2 central carbons. One-half of the total tritium 
content of squalene specimen III, synthesized from mevalonate 
in the presence of H*HO, was found also attached to the 2 central 
carbons, in confirmation of the data of Rilling and Bloch (5). 





TaBLe VII 


Data on degradation of C*-H3-squalenes biosynthesized from farnesyl 
pyrophosphate or from mevalonate 











Welebt of Isotope content 
Specimen we. an 
cu Tritium 
mg d.p.m./ymole 

Squalene I-. 1.100 23 294 
Succinic anhydride I. 0.262 5 273 
Squalene II®. ! ere 2.967 3230 1151 
Succinic anhy dride II bd Pye 0.205 31 1130 
Squalene III¢. as Aes 2.870 198 4935 
Succinic anhydride UI. Reside 0.286 11 2593 
oa |) ee 2.620 575 373 
Succinie anhydride IV....... 0.184 6. 398 














* Synthesized from C!4-D-farnesyl pyrophosphate with TPNH3; 
pooled specimen from experiments A-3 and B-3, Table VI. 

* Similar in origin to Squalene I; pooled specimen from incuba- 
tions 3 and 4 shown in Table V. 

¢ Synthesized from mevalonate-5-D2-2-C™ in the presence of 
HHO; pooled specimen from experiments A-5 and B-5, Table VI. 

¢ Synthesized from mevalonate-5-D2-2-C% in the presence 
of TPNH; pooled from incubations D-1 and D-2, Table VI. 


DISCUSSION 


It is pertinent to mention that the experiments described, 
particularly those with mevalonate-5-D2, were initiated by our 
inability to demonstrate the incorporation of tritium from H?HO 
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into squalene during its biosynthesis from farnesyl pyrophos- 
phate. The discrepancy between our data and those of Rilling 
and Bloch (5), that squalene biosynthesized from mevalonate- 
5-D. contains 11 atoms of deuterium, and not 10, can be ex- 
plained most probably by the fact that the biosynthetic squalene 
specimens studied by these authors were diluted 246 to 279-fold 
with unlabeled material and consequently they had to measure 
deuterium concentrations as low as 0.071 atom % excess. Under 
such circumstances, even a minor analytical error may seriously 
distort the final results. 

Our conclusion that squalene biosynthesized from mevalonate- 
5-D. contains 11 atoms of deuterium rests not only on the total 
deuterium content of the hydrocarbon but also on the evidence 
provided by the mass spectrometric analysis of the succinic 
anhydride (and of dimethyl] succinate) prepared by ozonolysis of 
the squalene and which showed that by far the largest propor- 
tion (about 80%) of the labeled molecules in the anhydride 
contained 3 atoms of deuterium. Since the cleavage of non- 
isotopic squalene ozonide with CH;-COOD gave a succinic an- 
hydride, which was indistinguishable from normal succinic 
anhydride in the mass spectrometer and the ozonolysis with 
CH;-COOH? showed only a 0.15% exchange of H, it is reasonably 
certain that the D;-succinic anhydride was not an artifact of 
ozonolysis. We have also considered the possibility that the 
D;-succinic anhydride may have been produced from Dy,-succi- 
nic acid during formation of the anhydride with acetyl chloride. 
The analysis of the squalene succinic acid as dimethy] succinate 
in the mass spectrometer and also of the succinic anhydride 
made from a mixture of Ds-succinic acid and of nonisotopic 
succinic acid excluded this possibility also. Thus, the evidence 
presented shows that the hydrogen atoms attached to C-5 of 
mevalonate are incorporated into squalene unchanged, with the 
exception of the one lost from one of the central carbons. 

The origin of the D.-succinic anhydride molecules in the speci- 
men derived from the deuterium-labeled “squalene pool’? was 
most probably not the central 4 carbon atoms of squalene. 
From existing information on the biosynthesis of squalene from 
mevalonate (9) it is known that C-2 and C-5 of mevalonate are 
arranged in squalene as is shown in Fig. 6. Also, we have known 
from previous experience that during oxidative cleavage of squal- 
ene ozonide as much as 20% of the succinic acid obtained may be 
derived from parts of the squalene molecule other than the 4 
central carbon atoms, most probably from the oxidation of 
levulinic acid. This succinic acid, when derived from the 
ozonization of squalene, biosynthesized from mevalonate-5-D»- 
2-C'4, must contain one C-labeled and one D,-labeled methylene 
carbon. The specific activity of the “squalene pool’ biosynthe- 
sized from mevalonate-5-D.-2-C™“ was 53,604 c.p.m. per umole 





Fig. 6. Labeling of squalene biosynthesized from mevalonate- 
5-D2-2-C™. Positions derived from C-2 of mevalonate, @. 
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(as measured in a liquid scintillation counter) and that of the 
succinic acid obtained from it (and analyzed in the mass spectro. 
meter) 1,870 c.p.m. per umole. Thus, it may be calculated that 
6 X 1870/53,604) x 100 = 20.95% of the succinic acid was 
derived from the alternative source just discussed. The masg 
spectrometric data indicated that 18 to 20% of the labeled mole. 
cules in the succinic anhydride and dimethy] succinate contained 
2 atoms of deuterium in reasonably good agreement with the 
conclusion drawn from the C™ assay. 

The experiments with farnesyl pyrophosphate showed deci- 
sively that the one “odd” H atom attached to one of the central 
carbons of squalene, and which does not originate from the C-5 
hydrogens of mevalonate, is directly transferred to squalene 
from TPNH. The incorporation of H from the water of the 
incubation medium into the central position of squalene during 
its synthesis from mevalonate, first observed by Rilling and Bloch 
(5) and confirmed here, is in sharp contrast to the almost com- 
plete failure of entry of H from water into squalene when this is 
synthesized by microsomes alone from its immediate precursor, 
farnesyl pyrophosphate. Perhaps it may seem even more sur. 
prising that during synthesis of squalene from mevalonate with 
TPNH! only about 0.04 ug. atom labeled H was transferred to 
squalene as compared to 0.6 to 0.8 ug. atom of H during synthesis 
from farnesyl pyrophosphate with microsomes alone. These 
observations can be reconciled by the assumption that in the 
more complex enzyme system, which consists of soluble enzymes 
and enzymes attached to cell particles, there is an exchange of H 
between TPNH and the water of the incubation medium medi- 
ated through an oxidation-reduction reaction thus: 


TPNH + Ht + X= XH: + TPN. 


If the water of the incubation contains H3HO, TPNH? may be 
formed readily through such a reaction.? Conversely, if the 
reduced nucleotide added to the incubation is labeled with trit- 
ium, the labeling will be largely lost owing to exchange of hydro- 
gen from normal water. It seems probable that the enzyme or 
the substrate (or both), which mediate this exchange reaction, 
are present in the soluble F%0 preparation. If this interpretation 
of the observations is correct, it may be expected that squalene 
will become labeled with tritium even when it is synthesized 
from farnesyl pyrophosphate in the presence of H3HO and TPNH 
in an enzyme system containing both microsomes and the soluble 
F%0 proteins. These assumptions were proved correct by the 
results of the experiment shown in Table VIII. A valid con- 
clusion, therefore, as to the origin of the 1 exchanged H atom in 
squalene biosynthesis may be drawn only from the study of the 
process with the immediate precursor of squalene, 7.e., with 
farnesyl pyrophosphate, and with washed microsomes as the 
source of enzymes in which a nonspecific exchange of H between 
water and TPNH does not occur. 

The labeling of farnesol of farnesyl pyrophosphate with tritium 
during its synthesis from mevalonate in the presence of H*HOis 
well understood on the basis of the known transformations of 
mevalonate to farnesyl pyrophosphate. The two key substances 
in this process are isopentenyl pyrophosphate (14) and 3,3-d: 
methylallyl pyrophosphate, the former being isomerized by the 


3 XH» must be such that stereospecificity of H transfer between 
it and TPN, usual in pyridine nucleotide-mediated oxidation-re- 
duction reactions, isnot observed. Substances that might qualify 
for X are: a disulfide (oxidized glutathione?), a quinone, or 8 
flavin, but not an aldehyde or ketone. 
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TaBLeE VIII 
Labeling of squalene with tritium during synthesis from 
C4.D-farnesyl pyrophosphate with F%3 enzymes + 
microsomes in the presence of H*HO 
Each tube contained in a final volume of 2 ml: F%j-enzymes, 50 
mg; Suspension of microsomes, 0.15 ml; MgCle, 6 mm; NaF, 10 
mM; potassium phosphate buffer, pH 7.4, 0.1 M; nicotinamide, 30 
mm; TPNH, 2 mm; H*HO, 100 me; and C4-D-farnesyl pyrophos- 
phate (specific activity 0.015 we per umole), 0.036 mm (0.036 
ymole per ml). The reaction was started by the addition of far- 
nesyl pyrophosphate. Anaerobic incubations at 37° for 75 min- 











utes. 
Isotope content H 
of squalene s Bs. atom 
. I qualene incorporated 
Incubation No. synthesized per umole 
cu | Tritium ome 
d.p.m. umole 
1 1872 19,916 0.028 0.70 
2 1812 18,838 0.027 0.69 














uptake of a proton onto its terminal doubly bound methylene 
carbon. If this process occurs in a medium containing H*HO the 
dimethylallyl pyrophosphate will become labeled with tritium on 
one of its methyl carbons (15). Hence, the successive condensa- 
tion of the labeled dimethylallyl pyrophosphate with isopenteny] 
pyrophosphate should lead to the appearance of both geranyl 
pyrophosphate and of farnesyl pyrophosphate labeled with trit- 
jum on one of their terminal methyl groups. The theoretical 
value for the incorporation of H from water into either of the 
allyl pyrophosphates is at least 1 wg. atom per umole; the lower 
values observed by us (0.38 to 0.49 ug. atom per umole) are most 
probably due to enzymic discrimination against tritium. 

Taking all the data together, the observed incorporation of 
1.61 and 1.48 ug. atom of H, measured as tritium, per umole of 
squalene when this is synthesized from mevalonate in the pres- 
ence of H®HO indicates the presence of no more than 3 atoms of 
Htaken up from the medium. Two of these are accounted for 
by the labeling of farnesol of farnesyl pyrophosphate and the 
third is delivered with TPNH through the exchange reaction 
discussed. Taking a mean value of 0.43 wg. atom of tritium in 
famesyl pyrophosphate and of 0.70 ug. atom of tritium trans- 
ferred from TPNH through the exchange reaction, we have a 
calculated value in squalene of 2 X 0.43 + 0.70 = 1.56 ug. 
atom of tritium, which agrees closely with the observed values. 
This calculation also predicts that about 45% of all the tritium 
insqualene synthesized from mevalonate in the presence of H*HO 
should be attached to one of the central carbons, in fair agree- 
nent with the 52% actually found (Table VII). 

It is clear from the data presented that none of the hypothetical 
schemes put forward so far for the final step of squalene biosyn- 
thesis is in accord with experimental observations. Although it 
is still not possible to define precisely the reaction sequence in 
the synthesis of squalene from farnesyl pyrophosphate, neverthe- 
lss the possible types of mechanism have been narrowed down. 
The following experimental facts have to be accounted for: (a) 
the loss of one H atom from C-1 of one farnesyl pyrophosphate 
molecule; (6) the replacement of this H atom with the hydride 
in from TPNH; (c) failure of incorporation of a proton from 
water into squalene during biosynthesis from farnesyl pyrophos- 
phate with microsomes; and (d) the probable participation of a 
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S compound, enzyme, or coenzyme (3, 7) in the condensation 
reaction. 

From these points certain general features of squalene synthe- 
sis may be deduced. First, it is clear that an asymmetrical 
process must be involved in the last step of squalene biosynthesis 
in the sense that 1 of the 2 condensing farnesy] pyrophosphate 
molecules is subject to reactions different from those of the other. 
Second, the role of TPNH in the synthesis cannot be the reduc- 
tion of a double bond, for in that event the uptake of a proton 
from the incubation medium as well as the transfer of the hydride 
ion from TPNH should have occurred. 

The asymmetrical process may be the isomerization of 1 
farnesyl pyrophosphate molecule (VIZ) to nerolidyl pyrophos- 
phate (VIII) as has already been suggested (4, 16). These two 
substances are well suited for condensation by a nucleophilic 
process analogous with the synthesis of geranyl and farnesyl 
pyrophosphate from dimethy] allyl and isopentyl pyrophosphate 
(1, 2, 4) (Fig. 7). It may even be supposed that the condensa- 
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Fie. 7. Hypothetical mechanism of squalene biosynthesis in- 
volving the condensation of farnesyl and nerolidyl pyrophos- 
phates. 
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tion is assisted by the phosphate anion in nerolidyl pyrophos- 
phate and that the cyclic phosphate ester (JX) is the first 
“stable” intermediate, although the formation of intermediate 
(X) need not necessarily involve that of the cyclic ester. A 
similar formation of cyclic phosphates is postulated by Johnson 
and Bell (17) in the condensation of C; units leading to farnesy]l 
pyrophosphate. Reduction of intermediate (X) by TPNH with 
concurrent allylic rearrangment may give squalene directly. 
In this mechanism one might, of course, have further interme- 
diary stages; for example, reaction with methionine could give 
without or with allylic transposition the sulfonium compounds 
(Xa) and (Xb), respectively. The former (Xa) could be re- 
duced with TPNH in the same way as (X), except that no proton 
participates. The reduction of (Xb), not proceeding by way of 
an allylic system, might be akin to the reduction of a carbonyl 
group by a reduced pyridine nucleotide. 

The above mechanism fully covers all the known experimental 
observations on squalene biosynthesis from farnesyl pyrophos- 
phate, although the evidence on the enzymic formation of nero- 
lidyl pyrophosphate in the liver enzyme system is not entirely 
convincing (3, 16). Nevertheless, the occurrence in plant oils 
of an optically active nerolidol supports the idea of the enzymic 
isomerization of a derivative of farnesol to that of the tertiary 
alcohol. 

Another type of mechanism was suggested by Professor R. B. 
Woodward on hearing our observations on squalene biosynthe- 
sized from mevalonate-5-Dz. He pointed out that the mechanism 
of acetoin synthesis from pyruvate and acetaldehyde, as elucidated 
by Breslow (18), might also apply to the synthesis of squalene. 
Here the asymmetrical process would involve the coupling of a 
farnesyl radical with the ylide of thiamine pyrophosphate (Fig. 
8) and the rearrangement of the complex (XJ) by the elimination 
of a proton to the intermediate (XJJ). The condensation of 
(XII) with another molecule of farnesyl pyrophosphate, to give 
the product (XJJJ), is analogous to the acyloin type of condensa- 
tion in acetoin synthesis. The reduction of the complex (XIII) 
with TPNH could give squalene and regenerate the ylide of 
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Fig. 8. Hypothetical mechanism of squalene biosynthesis from 
farnesyl pyrophosphate with thiamine pyrophosphate as coen- 
zyme. 


Studies on Biosynthesis of Cholesterol. 


XV Vol. 236, No.7) 
CH, _CH, 
Se 
R-CH,-C-CH .SCH-CH=C-CH,-R (Ix) : 
, 4 Y \ 
00+ H CH, 
i 
4» 
-0 | 
CHy CHe 
R-CH,-C-3CH7—CH-CH=C-CH-R (XI) 
* 
H 
at Q CH, 
JN ( | oe. 
-0 0 N 
| | 
i . 
R-CH;-C=CH-CH- CHH—CH=C-CH-R 
CH, 


Fic. 9. Hypothetical mechanism of squalene biosynthesis in. 
volving the intermediary formation of a cyclopropane-containing 
complex. 


thiamine pyrophosphate. However, this last reductive step is 
not supported by analogy with acetoin synthesis. Mechanisns| 
involving other types of ylide can be formulated, but the only| 
evidence we have at present for the participation of a so far «sl 
recognized coenzyme in squalene synthesis is the observation 
that a cell-free preparation of Ehrlich ascites carcinoma, almost 
completely inactive to synthesize squalene from mevalonate, is| 
activated by a boiled juice of normal liver.‘ The active compo- 
nent of the boiled juice is not identical to any of the recognized 
coenzymes of the liver enzyme system (ATP, TPNH, Mgt, nor 
is it identical to cysteine, glutathione or ascorbic acid (7).5 

In the possible mechanisms so far discussed it has been as-| 
sumed that the elimination of 1 H atom as a proton, originally 
attached to C-1 of farnesyl pyrophosphate (or to C-5 of mevalon. | 
ate), occurred from that unit of farnesyl pyrophosphate which | 
was subject to the asymmetrical process discussed earlier. How. | 
ever, this need not necessarily be so. 

Assuming the condensation between farnesyl pyrophosphate 
and nerolidyl pyrophosphate as before, the rearrangement of 
intermediate (IX) to a substance containing the cyclopropane 
ring (XIV) is also conceivable in which case the elimination of 
the hydrogen atom occurs from the side opposite to that con- 
sidered in the previous mechanisms (Fig. 9). The reductive 
cleavage of the cyclopropane ring with TPNH and the concerted | 
elimination of the pyrophosphate anion could then give squalene. 

The reaction mechanisms discussed are mostly verifiable by 
experiment and are under investigation. 


ADDENDUM 


Since this paper was submitted for publication, we have ob- 
tained further evidence in support of the conclusion that during | 


“I. Y. Gore and G. Popjdik, unpublished observations. 





5 Microsomes prepared from the liver of thiamine-deficient 
rats were found to synthesize squalene from C"*-farnesyl pyro- 


phosphate as efficiently as the cell particles from the liver of nor- | 


mal rats. Also, thiamine pyrophosphate added to microsomes 
made from the liver of the deficient animals had no effect whatever 
on squalene synthesis from farnesyl pyrophosphate; neither had 


pyrithiamine (a thiamine pyrophosphate antagonist) on the syn: | 


thetic ability of normal microsomes. Thus, thiamine pyrophos- 
phate may be excluded as a coenzyme of this reaction. 
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squalene synthesis 1 hydrogen atom attached to C-1 of 1 of the 
2 farnesyl pyrophosphate molecules is exchanged for another 
one. We have prepared 1-H?,-2-C!trans-trans-farnesyl pyro- 
phosphate by the method of Cramer and Bohm (19) from 1-H*,- 
9-C"-trans-trans-farnesol (purity 95%), which was made by the 
reduction of methyl 2-C"-trans-trans-farnesoate (3,7, 11-tri- 
methyldodeca-2,6,10-trienoate) with H*-labeled LiAIH,. The 
methyl 2-C'*-farnesoate was synthesized by the Reformatsky 
reaction from trans-geranylacetone and methylbromoacetate-2- 
Cc’; the product, methyl 3-hydroxy-3,7,11-trimethyldodeca- 
6,10-dienoate, was dehydrated with POCI; and pyridine to give 
methyl cis-trans and trans-trans-farnesoate. The ester of the 
trans-trans acid was separated by preparative gas-liquid chro- 
matography. 

The synthetic 1-H*.-2-C'-farnesyl pyrophosphate Li;-salt had 
a pyrophosphate-P content of 14.0% and total P content of 
14.9% (theoretical pyrophosphate-P: 15.5%; it was hydrolyzed 
by intestinal alkaline phosphatase at pH 8.7 and gave trans- 
trans-farnesol (85%), cis-trans-farnesol (5.3%), nerolidol 
(0.55%), and four further small components not identified. 

The 1-H*.-2-C"-trans-trans-farnesyl pyrophosphate (the Li;- 
salt) was readily converted into squalene in the standard squal- 
ene synthetase system of liver microsomes and gave squalene 
with a H®:C™ ratio of 0.76 when the same ratio in the farnesyl- 
pyrophosphate was taken to be 1.00 indicating the loss of 1 
labeled H atom from C-1 of 1 farnesyl pyrophosphate molecule 
during squalene synthesis. The actual radioactive counts were: 
53 ug of the 1-H*,-2-C"*-trans-trans-farnesol (from which the 
farnesyl pyrophosphate was made) gave 4628 c.p.m. of tritium 
and 3558 ¢c.p.m. of C and the squalene, synthesized in a 1-ml 
incubation, 496 c.p.m. of tritium and 502 ¢c.p.m. of C'. This 
result supports not only the main conclusion drawn from our 
experiments, but also offers a formal proof as to the identity of 
the precursor of squalene with farnesyl pyrophosphate, the struc- 
ture of which was deduced from the study of trace (or umole) 
amounts of biosynthetic material (1, 3). 1-D»-2-C™-farnesyl 
pyrophosphate has also been made and found to be an active 
substrate also in squalene biosynthesis. 


SUMMARY 


1. Squalene biosynthesized from mevalonate-5-D. was ex- 
amined for the disposition of deuterium atoms. It was found 
that the substance contained 11 atoms of deuterium instead of 
the theoretically possible number of 12. Mass spectrometric 
analysis of the succinic acid (as succinic anhydride and dimethyl 
succinate) derived by ozonolysis from the deuterio-squalene 
showed that the specimen consisted mostly of trideuterio mole- 
cules. Consequently the labeling in the center of squalene was 
asymmetrical, —CHD -CD.—. 

2. There was no incorporation of tritium from the water of 
the incubation medium into squalene during its synthesis from 
farnesyl pyrophosphate with liver microsomes. 

3. During squalene synthesis from farnesyl pyrophosphate 
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with microsomes in the presence of tritium-labeled reduced tri- 
phosphopyridine nucleotide up to 0.8 ug. atom of labeled hydro- 
gen per umole of squalene was transferred to the hydrocarbon 
from the pyridine nucleotide. All the labeled hydrogen was 
attached to the central carbon atoms of squalene. 

4. The discrepancy between the results presented and those 
of Rilling and Bloch (5) has been examined. It was shown that 
incorporation of not more than one atom of H into central posi- 
tions of squalene from the water of the incubation medium oc- 
curred only in a crude enzyme system in which a nonspecific 
exchange of hydrogen between reduced triphosphopyridine nu- 
cleotide (TPNH) and water may take place through the reaction: 


TPNH + Ht + X= XH: + TPN. 


5. The general features of squalene biosynthesis from farnesy] 
pyrophosphate have been defined and fitted to possible types of 
reaction mechanisms. 
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The reaction of human and horse hemoglobin with mercurials 
leads to considerable changes in the oxygen equilibrium of the 
proteins (2, 3). Two important features of the normal equilib- 
rium can be altered by mercurials and silver (4). These are (a) 
the facilitating effect of oxygenation of one heme on the oxygena- 
tion of certain other hemes, and (6) the discharge of protons 
associated with oxygenation. Part of these heavy metal effects 
is probably associated with the finding that a correspondence 
exists between the number of protons discharged during oxygena- 
tion and the number of mercuric ions which react immediately 
with deoxygenated hemoglobins from a variety of terrestrial 
mammals (5, 6). The readily available sites responsible for 
mercurial binding are believed to be sulfhydryl. 

Because the binding of the organic mercurial, mersalyl, greatly 
increases the oxygen affinity of horse hemoglobin, I have sug- 
gested that the reciprocal effect should also exist, i.e. the binding 
of oxygen should enhance the reactivity of the sulfhydryl groups 
(4). To help answer this question I have studied the reaction of 
N-ethylmaleimide with both deoxygenated hemoglobin and car- 
boxyhemoglobin. 

Human hemoglobin is known to consist of four polypeptide 
chains of two types, a and 8 (7, 8). I expected, therefore, 
that the available mercury-binding sites, approximately two per 
molecule in human hemoglobin, would be either on the a or the 8 
chains but not both. To determine this I have studied the reac- 
tion of C“-N-ethylmaleimide with these sites, and have subse- 
quently separated the chains, and measured their specific activ- 
ity. 

In order to determine more fully the role of sulfhydryl groups 
in hemoglobin, I have investigated the effects of N-ethylmaleim- 
ide on the oxygen equilibrium. These studies have led to an 
altered picture of the nature of groups responsible for the H+ 
discharge which accompanies oxygenation (Bohr effect). 


EXPERIMENTAL PROCEDURE 


Kinetics of NEM! Binding—The kinetics have been followed 
by measuring the disappearance of the binding sites for mercuric 
ions, measured amperometrically as previously described (6). 
Deoxygenated NEM solutions buffered in 0.1 m phosphate 
(K:HPO,-KH2PO;, mixtures) were injected by syringe into a 


* A preliminary report of part of this work has been published 
(1). This work was supported in part by a research grant from 
the National Science Foundation, and by a grant from the Re- 
search Institute of the University of Texas. 

1The abbreviations used are: NEM, N-ethylmaleimide; Hb, 
hemoglobin; IAA, iodoacetamide; p, oxygen pressure in milli- 
meters of Hg; r = A log p/A pH at constant degree of oxygena- 
tion, the Bohr effect; rso = the Bohr effect at 50% oxygenation. 


tonometer containing hemoglobin under a helium atmosphere. 


The hemoglobin was deoxygenated by repeated washing with | 
helium and equilibrated by rotation of the tonometer until the | 
ratio of the absorbancy at 700 my to that at 800 my was at least } 


2.10. Samples were removed at intervals with a syringe for titra- 
tion with HgCl: in a helium atmosphere. Withdrawal of the 
solution from the tonometer was aided by a slight positive pres- 
sure of helium within. 
were performed similarly except that the helium in the tonometer 


Measurements with carboxyhemoglobin | 


and in the titration vessel was replaced with carbon monoxide, | 


and the experiments were performed in a darkened fume hood. 
Experiments with oxyhemoglobin were carried out similarly 
except that after incubation of the NEM with oxyhemoglobin, 
the mercury titration was carried out in a CO atmosphere 
because molecular O» interferes with the titration. Experiments 


——— 


performed in this manner did not differ significantly from those | 


carried out entirely with carboxyhemoglobin. 

At the start of these experiments, I believed NEM to be specific 
for sulfhydryl groups. Alexander (9) described a spectrophoto- 
metric procedure for —SH compounds based on the decrease in 
the absorbancy of NEM at 300 my upon reaction with —SH 
groups. 
Alexander states that the presence of any of 18 other amino 
acids does not influence the accuracy of the determination of 
cysteine. We find that a 1mm NEM solution, when prepared at 
pH 7.0 in 0.1 m phosphate, has an initial absorbancy of 0.620 
at 300 mu. The absorbancy drops linearly 3 to 4% during the 
first hour and is not significantly affected by the presence of 0.1 
M NaCl, 0.1 m urea, 1.0 mm glycine, 1.0 mm serine, or 1.0 mm 
valine. 


. . . . . . . ' 
The reaction is rapid with cysteine or glutathione. 


However, the data of Table I show that in 0.1 mM amino | 


acid at pH 7.0, the drop in absorbancy is very much faster. It | 
appears that the larger the amino acid, the smaller is its effect. | 


These observations indicate that the spectrophotometric tech- 
nique may yield misleading results when applied to proteins; 
I did not attempt to use the procedure with hemoglobin.? 

Iron determinations were made on all hemoglobin solutions 
by the method of Thorp (11). 


Separation of a and B Chains from C-labeled Human Globin— | 


An aliquot of a solution of dialyzed hemoglobin prepared as 
described (6) was added to an equal volume of 0.2 m, pH 7.44 
phosphate buffer (K2zHPO.KH2PO, mixtures) and centrifuged 
at high speed to remove any remaining stroma. The superna- 
tant solution was 0.657 mM in oxyhemoglobin on a basis of 4 Fe 
per molecule. An aliquot (1.6 ml) of a solution of 14.4 mm C™ 
NEM in 50% aqueous ethanol (Schwarz Laboratories, Inc., 


2 The interactions of NEM with amino and imidazole groups 
have been studied in more detail by Smyth et al. (10). 
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New York) was added to 15 ml of the buffered hemoglobin solu- 
tion to give a NEM:Hb ratio of 2.3. Three hours were allowed 
for the reaction. Experiments described elsewhere in this paper 
show that this time is sufficient for complete reaction with the 
available Hg**-binding groups. Labeled globin was then pre- 
pared at —20° as described by Anson and Mirsky (12). The 
chains were separated by the chromatographic procedure of 
Wilson and Smith (13). The absorbancy of each fraction was 
measured at 280 my. The fractions were then dialyzed against 
glass-distilled water at 4° until the fluid outside the sacs gave no 
visible reaction for urea (4 to 5 days) with the 8-isonitrosopro- 
piophenone procedure (14). The sac contents were evaporated 
to 5 ml in a flash evaporator and 0.1-ml aliquots were plated on 
Pyrex planchets. The radioactivity was measured with a 
Nuclear-Chicago model 1838 scaling unit. Aliquots (4.0 ml) 
were dried over silica gel in a vacuum desiccator to constant 
weight. 

Samples of the two major dialyzed fractions were dried in a 
vacuum and then subjected to hydrolysis with 5.7 n HCl in 
sealed, evacuated tubes for 16 hours at 110°. The hydrolysates 
were then analyzed with the Spinco amino acid analyzer, as in 
the procedures of Spackman, Moore, and Stein (15). 

Oxygen Equilibria—The spectrophotometric procedure for the 
determination of the oxygen equilibrium has been described (3). 
Human hemoglobin was used for all experiments within 7 days 
of the drawing of the blood, and was prepared as previously de- 
scribed (3). The equilibria were determined at 20° in 0.1 
m phosphate (K,HPO,.KH.2PO, mixtures). Oxygen capacity 
measurements and iron determinations were carried out on all 
hemoglobin solutions as previously described (3). In each ex- 
periment the stoichiometry is based upon iron determination. 


RESULTS 


Kinetics and Stoichiometry—In this series of experiments the 
average number of Hg?+ ions immediately bound at 25° by either 
deoxygenated hemoglobin or carboxyhemoglobin is 2.20 + 0.1. 
This figure is slightly lower than that which I previously reported 
(6). 

Fig. 1 shows that the addition of 3 NEM to human carboxy- 
hemoglobin abolishes the Hg?+ titration with a half-time of 
approximately 17 minutes. Similar measurements with different 
NEM:Hb ratios yield the stoichiometry indicated in Fig. 2, 
which shows that in human carboxyhemoglobin, an approximate 
1:1 correspondence exists between NEM added and the disap- 
pearance of Hg?+-binding sites. Deoxygenated hemoglobin 
reacts very much more slowly. This difference, shown in Table 
II, indicates that at any pH between 6 and 7.5, oxyhemoglobin 
reacts at least 8 times as fast as does deoxygenated hemoglobin 
when NEM:Hb = 3. It is also clear that the rate at which 
NEM reacts with oxyhemoglobin increases very rapidly as the 
pH increases from 6 to 7.5. Even if NEM:Hb = 166, deoxy- 
genated hemoglobin still has one-third of its original Hg?* titra- 
tion after 20 minutes, whereas the Hg?*+-binding sites of carboxy- 
hemoglobin have reacted completely. The extent of reaction, 
after any given time, drops off very rapidly above pH 7.6 to 7.7. 
This is presumably due to the instability of the imide ring of 
NEM in alkaline solution. When it opens, the reactivity is 
either greatly reduced or disappears entirely. Ring opening is 
suggested by the observation that the absorption of NEM at 
300 mu disappears rapidly at or above pH 8. 

These experiments, of course, measure only those sites in 
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TaBLe I 
Effect of amino acids and other substances on absorbancy 
of N-ethylmaleimide 
N-ethylmaleimide concentration is 1 mm. Initial absorbancy 
at 300 mu when NEM is first prepared is 0.620. All experiments 
performed in 0.1 m phosphate at 25°, pH 7.0. 
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Fig. 1. The reaction of the available sulfhydryl groups of hu- 
man carboxyhemoglobin with N-ethylmaleimide measured by 
the disappearance of Hg** binding. The NEM:Hb ratio is 3.2. 
Not shown in the graph are data illustrating that the small Hg?+ 
titration at 83 minutes vanishes completely after 3 to 4 hours. 


hemoglobin which react readily both with Hg?+ ions and with 
NEM. They do not measure binding of NEM by groups which 
might not bind Hg?*+. However, the stoichiometry indicates 
that no other sites are involved when NEM: Hb = 2. 

Separation of a and B Chains from C-labeled Globin—We have 
treated carboxyhemoglobin with 2.3 moles of C“NEM. The 
a and f chains of the globin subsequently prepared were separated 
by column chromatography with a urea gradient. The absorb- 
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Fig. 2. The disappearance of Hg**-binding sites on human 
carboxyhemoglobin with increasing N-ethylmaleimide concen- 
tration. Each point represents the terminal constant value after 
an experiment performed as in Fig. 1. 





Molar ratié 


TABLE II 
Disappearance of Hg?*-binding groups of human oxyhemoglobin and 
deoxygenated hemoglobin upon reaction with NEM 

Hemoglobin concentration is approximately 0.6 mm on 4 Fe 
per mole basis. The NEM:Hb ratio is 3.0. Reaction is in 0.1 m 
phosphate except at pH 8.71 in which case a 0.1 m borate buffer 
was used. Initial Hg?+ binding before addition of NEM is 2.2 
Hg?*+ per mole of hemoglobin. 














Per cent decrease in Hg** titration 
after reaction with NEM 
pH 
HbO:2 at 2-hr |HbO:2 at 15-min Hb at 2-hr 
intervals intervals intervals 

6.11 11 

6.24 88 16 20 
6.62 | 29 

7.11 9 | 33 36 
7.62 100 =| S50 53 
7.78 90 72 66 
7.98 40 
8.71 50 | 43 0 








ancy of each fraction at 280 my is shown in Fig. 3, together with 
the specific radioactivity. Fractions associated with the two 
peaks were dialyzed to free them of urea and buffer, and the spe- 
cific activity was then measured. The a chain had only 312 
¢.p.m. per mg, whereas the B chain had 10,300 c.p.m. per mg. 
Thus, 97% of the C4-NEM was bound to the B chain. The 
identity of each peak was determined by quantitative amino acid 
analysis. These analyses agreed very closely with the data of 
Hill and Craig (16). Fig. 3 shows a small shoulder on the 
trailing edge of the second fraction. Amino acid analysis of this 
fraction indicates that it is also at least largely 8 chain. How- 
ever, the fraction had no radioactivity and is therefore 8 chain 
with unreactive —SH groups. 
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Fig. 3. Separation of chains of human carboxyhemoglobin 
labeled with 2.3 moles of C!4-N-ethylmaleimide. It is clear that 
the available —SH groups are confined to the 8 chain. 


Smith and Perutz (17) treated horse hemoglobin with a 10-fold 


excess of iodoacetamide and subsequently determined that car- | 


boxymethyl cysteine was found only in the valyl-glutamy] chain. 
The present procedure is more sensitive, measures all binding, 
uses no appreciable excess of C4-NEM, and does not involve 
hydrolysis. 

Oxygen Equilibria—The first measurements were made on the 
effects of IAA and the results are given in Fig. 4. It is clear 
that the addition of IAA (I[AA:Hb = 8) greatly increases the | 
affinity for oxygen at pH 7.10. Fig. 4 also shows that the effect 
of NEM issimilar. Note particularly that the increase in affinity 
is greatest at low degrees of oxygenation. This increase is shown 
in Fig. 5. This observation parallels experiments carried out 
earlier (3) with the mercurial, mersalyl, at pH 8. Because iodo- 
acetamide is known to react with groups other than sulfhydryl, | 
subsequent experiments were carried out with NEM which was 
believed to be more specific. The results of these experiments 
indicate that NEM has effects similar to those of mersaly] but | 
there are important differences. The data can be conveniently 
described by two parameters; ps0, the oxygen pressure at 50% | 
oxygenation and n.3_ Fig. 6 shows that at pH 7.13 both log pz | 
and n decrease greatly with addition of NEM and that about | 
2 to 3 moles of NEM per Hb are sufficient to produce the greatest 
effect. m reaches a minimum when NEM:Hb = 2 to 3, but 
appears to increase slightly when the NEM:Hb ratio increases 
to 10. It is important that at all degrees of oxygenation 2 to3 
moles of NEM per mole of Hb increase the oxygen affinity, | 
but that the effect is most pronounced at low degrees of oxygens: | 
tion. Inasmuch as the first 2 moles of NEM combine only with 
the two 6 chains, this asymmetry is not surprising. 

I have shown (6) that a correlation exists between the number 
of protons discharged during oxygenation (the Bohr effect) and 


3m is the slope of the line relating log or with log p, where 


y is the fraction of hemoglobin oxygenated and p is the oxygen 
pressure. When the data are so plotted, a good approximation 
to a straight line is obtained, at least between y = 0.1 and 0.9. 
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the number of Hg*+ ions which are immediately bound by the 
deoxygenated hemoglobins from a variety of terrestrial mammals. 
The data shown in Figs. 2 and 3 indicate that NEM reacts at the 
same site on a 6 chain as does the Hg?+ ion. This led to the 
suggestion (1) that the protons produced during oxygenation 
might also largely come from the 6 chain. We have therefore 
studied the pH dependence of the oxygen equilibria (the Bohr 
effect) as affected by NEM. In this paper we shall assume the 
validity of Wyman’s conclusion (18) that (A log p/A pH) =r 
is equal to the number of H+ ions discharged per O2 bound, at 
any specified degree of oxygenation. The data in Table III 
indicate that rso, the Bohr effect at 50% oxygenation, is halved 
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Fic. 4. The effect of N-ethylmaleimide and IAA on the oxygen 
equilibrium of human hemoglobin at pH 7.1, 20°, in 0.1 m phos- 
phate. The IAA:Hb ratio is 3.5; the NEM:Hb ratio is 3.0. 
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Fig. 5. Points derived from the data of Fig. 4 showing that 
the increase in oxygen affinity (decrease of log pO: at constant 


degree of oxygenation) is most pronounced at low degrees of 
oxygenation. 
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Fic. 6. The effect of increasing NEM on the oxygen pressure 
required for 50% oxygenation and on n. It is clear that the 
maximal effect is achieved when NEM:Hb = 2 to 3. 


TaB.e III 
Bohr effect of human hemoglobin as affected by N-ethylmaleimide 


The Bohr effect is measured by rgo = A log ps0/A pH for various 


NEM concentrations, at 20°, in 0.1 m phosphate, pH range 7.0 to 
8.0. 











NEM: Hb Ts 
0 0.60-0.70 
1.75 0.55 
3.17 0.38 
6.32 0.36 
10.44 0.37 





when NEM reacts with oxyhemoglobin. The greatest effect 
occurs when NEM:Hb = 2 to 4. 

Table III gives the effect of NEM on the pH dependence of the 
hemoglobin-oxygen equilibrium as measured by the changes in 
log pso with pH. However, the point at 50% oxygenation has 
no special significance. Fig. 7 shows the pH dependence plotted 
as a function of oxygenation. The data on horse hemoglobin 
treated with mersalyl (3) have been included for comparison. 
It is clear from these data that the Bohr effect is significantly 
increased by mersalyl at low degrees of oxygenation, and that 
the Bohr effect decreases as the degree of oxygenation increases, 
so that at high degrees of oxygenation the Bohr effect is depressed 
below normal.t| NEM has a similar effect except that there is no 
increase of r at low degrees of oxygenation. 

The validity of the calculation of (A log p/A pH) = r in Fig. 
7 depends on the assumption that all reactions involving oxygena- 
tion and the release of H+ ions are reversible for each derivative 
studied. The reversibility with which we are concerned is not 
the reversibility of attachment of ligands to the —SH groups, 
but the reversibility of the character of the oxygen equilibrium 
with respect to change of pH. If mersalyl or NEM were to 


‘ These data parallel very closely the kinetic data of Ainsworth, 
Gibson and Roughton (19). They showed that p-chloromercuri- 
benzoate greatly increases both the magnitude and the pH sensi- 
tivity of the velocity of combination of hemoglobin with the 
first CO and has exactly the opposite effect on the velocity of 
binding of the fourth CO. 
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Fic. 7. The Bohr effects of hemoglobin as affected by —SH 
reagents. The ordinate gives the H* discharged per oxygen 
bound. The data show that in the presence of —SH reagents 
the Bohr effect is most pronounced at low degrees of oxygenation. 
The data for horse hemoglobin and mersalyl are from (3). 


TaBLe IV 


pH reversibility of effects of mersalyl on the O2 equilibrium 
of horse hemoglobin 








Binding of N-Ethylmaleimide by Human Hemoglobin 








——— Incubation | Oz equilibrium Log pso n 
| pH pH 
2* | 8.55 | 6.98 0.40 2.3 
4* 6.98 | 8.75 —0.51 1.0 
2t 6.87 0.59 2.5 
3.4f | 8.10 —0.42 1.0 














* These experiments were performed as follows. The incuba- 
tion at pH 8.55 was in 0.05 m borate for 3 hours. Then pH 6.8 
2 m phosphate buffer was added to give a final pH of 6.98, and 
phosphate concentration of 0.2 m. The incubation at pH 6.98 
was in 0.1 m phosphate, and 1 m pH 9 borate was added after 3 
hours to give 0.25 m borate and pH 8.75. 

+t These experiments on horse hemoglobin, included for com- 
parison, are taken from (3). 


react irreversibly with one group at pH 7 and another at pH 8, 
two different hemoglobin derivatives would be produced. The 
comparison of the oxygen equilibria at the two pH values would 
not then be significant. Oxygen equilibria determined at pH 
6.98 for hemoglobin previously treated for 3 hours with mersaly]l 
at pH 8.55 are exactly those expected for pH 6.98. Likewise, 
oxygen equilibria determined at pH 8.75 for hemoglobin pre- 
viously treated for 3 hours at pH 6.98 with mersalyl are those 
characteristic of pH 8.75. These data are shown in Table IV. 
Thus, with mersalyl at least, the observed effects appear to be 
completely reversible. I have not carried out reversibility ex- 
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periments with NEM but the similarity of the effects of NEM and 
mersalyl shown in Fig. 8 suggests that the results would be com- 
parable. 


DISCUSSION 


These experiments indicate that the two available —SH groups 
of human hemoglobin are found on the 8 chains, and that the 
addition of carbon monoxide or oxygen to deoxygenated hemo- 
globin is accompanied by an 8-fold increase in the rate at which 
NEM reacts with these —SH groups. This is further evidence 
that the available —SH groups are functionally linked to the 
oxygenation process. <A related effect, the increase in oxygen 
affinity upon the addition of mersalyl, has been previously demon- 
strated (3). 

We have shown that the effects of IAA, NEM, and mersaly] 
on the oxygen equilibrium vary with the degree of oxygenation. 
Fig. 7 shows that the Bohr effect is greatest at low degrees of 
oxygenation in the presence of NEM or mersalyl. Because the 
value of r = (A log p/A pH) is equal to the number of H+ ions 
released per O2 bound, the data of Fig. 7 permit the calculation 
of the H* ions released at each stage of oxygenation as shown in 
Fig. 8. This calculation involves the assumption that a linear 
extrapolation into regions of very low and very high oxygenation 
is a valid approximation. In Fig. 8 it is clear that the binding of 
an average of only 1 O2 molecule is associated with the release of 
close to 50% of the total number of H+ ions discharged during 
oxygenation, in the presence of either mersalyl or NEM. Simi- 
larly, the addition of the last Oe, on the average, is associated 
with the release of only about 10% of the total H+ discharge. 
It is difficult to avoid the conclusion that under these circum- 
stances certain of the hemes are associated with a major fraction 
of the Bohr effect, and that these hemes become oxygenated 














first. These effects are brought about by reagents reacting with 
the two readily available —SH groups of the 8 chain. It seems 
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Fig. 8. The estimated total per cent H* released as a function 
of oxygenation. The points are calculated from the data of Fig. 
7. Note that a pronounced tendency exists for most of the H* 
ions to be released at early stages of oxygenation. 
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most probable that these agents exert their greatest effect on the 
polypeptide segment to which they are bound. This suggestion 
implies that the 6 chains contribute most of the Bohr effect. 
Thus, in the presence of these agents a preferential (but not ob- 
ligatory) oxygenation sequence may exist, 8 before a. It is prob- 
ably significant that human fetal hemoglobin possesses a larger 
Bohr effect than human adult hemoglobin (20), whereas the 
chemical difference between the two hemoglobins appears to be 
entirely in the 8 chains (21). Thus, the Bohr effect difference 
between hemoglobins A and F must be attributed to the @ chain. 

If the available —SH groups of human hemoglobin are in the 
same position as in horse hemoglobin, they must be in the seg- 
ment of peptide to which the heme iron is attached. The x-ray 
work of Perutz, et al. (22) indicates that the available —SH 
group is situated on the opposite side of the helix from the iron- 
linked residue. The finding by Miasiar (23) of a dipeptide of 
histidine and cysteine in horse hemoglobin suggests that the 
available —SH group might be adjacent in the sequence to the 
heme-linked histidine. If the sequence were Cys-His rather 
than His-Cys, the cysteine —SH would not appear on the side 
of the helix opposite the heme but on the same side. 

The oxygen equilibrium data of untreated hemoglobin indicate 
that the number of H* ions released is directly proportional to the 
number of O2 molecules bound, as shown by the straight line in 
Fig. 8 (19). If the oxygenation-linked acid groups are largely 
confined to the 8 chains, H+ discharge would only be directly 
proportional to oxygenation if the hemes of the a and 8 chains 
have similar intrinsic O: affinities. Inasmuch as the Bohr effect 
involves increased oxygen affinity with increasing pH, it might 
be supposed that the association of a large Bohr effect with the 
8 chain would require that the 6 chain be oxygenated first, at 
least in slightly alkaline solution. That this is not true is pre- 
sumably due to heme-heme interaction whereby oxygenation of 
one heme will not only increase the oxygen affinity of certain 
other hemes but also increase the dissociation of the oxygenation- 
linked acid groups associated with these hemes. It is important 
that 2 moles of mersalyl per mole of hemoglobin do not alter the 
shape of the oxygen equilibrium curve at pH 6.8; the increase in 
oxygen affinity brought about by the —SH reagent is largely 
independent of degree of oxygenation (3). This implies that the 
increase in oxygen affinity at pH 6.8 brought about by the bind- 
ing of 2 moles of mersalyl to the hemes of the 6 chain is trans- 
mitted more or less equally to all four hemes. However, the 
sharp decrease in n with increasing pH in the presence of mersalyl 
(3) shows that this transmission (heme-heme interaction) no 
longer occurs at high pH and that the hemes of one pair of chains 
have a higher oxygen affinity than those of the other pair. 

If a preferential oxygenation sequence exists in the presence of 
NEM or mersalyl, the data of Fig. 7 may be used to estimate 
the Bohr effects to be associated with each of the two types of 
chain. The area under each curve in Fig. 7 will be proportional 
to the total H+ discharge; the extrapolated value of r = (A log 
p/A pH) at 0% oxygenation should be that for the 6 chain, and 
the value at 100% oxygenation that for the a chain. It is clear 
that the over-all H+ discharge is decreased in the presence of 
NEM and increased somewhat in the presence of mersalyl. The 
value of r near 100% oxygenation is 0.2 + 0.1 with either NEM 
or mersalyl. I suppose this to be the H+ discharge during oxy- 
genation of an @ chain. At low oxygenation the extrapolated 
value of r is approximately 0.65 with NEM and at least 1.4 to 
1.5 with mersalyl. These figures are presumably the H* dis- 
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charge during oxygenation of the heme of a 6 chain in the pres- 
ence of the two agents. One way of explaining the difference 
between the effects of mersalyl and NEM is to suppose that the 
mercurial binds an —SH group on the 8 chain very close to a 
second unidentified oxygenation-linked group, ‘X,” perhaps 
imidazole. The close proximity of —SH and oxygenation-linked 
acid groups has been suggested by Benesch and Benesch (24). 
The mersalyl is believed to decompose at least partly and to 
leave inorganic Hg?+ bound to the —SH groups in the hemoglobin 
(3). It is conceivable that small changes in the secondary and 
tertiary structure of the protein accompanying oxygenation 
would bring the positively charged metal closer to X and hence 
enhance the acidity of the second group. Because the H* dis- 
charge for a 6 chain with mersaly] is greater than 1.0, it appears 
that an additional group must be involved. When NEM reacts 
with the —SH groups of oxyhemoglobin the average Bohr effect 
is halved (rs0 & 0.36). It is possible that this inhibition may be 
due to secondary binding to a second oxygenation-linked group 
X. This is in agreement with the suggestion of Benesch and 
Benesch that NEM may react with an oxygenation-linked acid 
group if it is already bound to the —SH group. The recent ex- 
periments of Smyth, et al. (10) show that NEM is capable of re- 
acting with the terminal amino group of glycyl-histidine and 
hence could presumably react with favorably situated amino 
groups in proteins. 

Benesch and Benesch (25, see also 26) found that the pK.’ 
(= 8.30) value of cysteine is a hybrid which includes equal con- 
tributions from the dissociation of each of the —SH and —NH3+ 
groups. This suggests that if an —NHs¢ or an imidazole group 
were near the available —SH group of a 6 chain, a similar hybrid 
dissociation might very well occur. However, if such a hybrid 
dissociation were to contribute to the Bohr effect in hemoglobins 
the pK value for the —SH group would have to be very much 
lower than it is in free cysteine, presumably between 7.0 and 7.5. 
This would be possible with a sufficient number of neighboring 
positively charged groups. Conceivably, two or even three such 
positively charged groups might all be involved in the Bohr 
effect. The finding by Benesch and Benesch (24) that the total 
Bohr effect in human hemoglobin is unaffected by IAA, silver, 
or mercuric ions or by methyl mercury or by p-chloromercuri- 
benzoate appears to exclude direct participation of the —SH 
group in the Bohr effect. However, it is difficult to understand 
how all these agents could be completely without effect on the 
oxygenation-linked acid group if the latter is as close to the 
—SH group as has been suggested. It seems most probable that 
when the —SH group has a ligand attached to it the acidity of 
any neighboring oxygenation-linked acid groups would depend 
on the nature of the ligand and might either increase the acidity, 
decrease it, or have no effect. 

These considerations suggest the following hypothesis. I pro- 
pose that the Bohr effect is made up of contributions from at 
least two different groups. In each of the four chains there will 
be a heme-linked imidazole which will contribute 0.2 H+, making 
0.8 H+ per molecule. The @ chains, in addition, have an —SH 
group, associated with which is at least one other group, either 
—NH;* or imidazole. The latter group or groups contribute 1 
H+, or 2 H* in all, so that a total of 2.8 H+ would be discharged 
during oxygenation between pH 7 and 7.5. On this basis 2.4 H+ 
would be contributed by the 8 chains and 0.4 H+ by the a chains. 

Several workers have suggested that the Bohr effect might 
best be explained by assuming that it results from changes in the 
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secondary or tertiary structure of the molecule accompanying 
oxygenation (see, for example Wyman and Allen (27) and Man- 
well (20)). The present data are consistent with this view. We 
have shown that the reactivity of the —SH groups changes 
greatly during oxygenation of human hemoglobin. The change 
is even more striking in lamprey carboxyhemoglobin;> removal 
of the CO results in the almost total disappearance of the one 
available —SH group as measured by Hg** binding. Either CO 
or 8 M urea will make this group available. It is important for 
the arguments presented here that lamprey hemoglobin has a 
large Bohr effect but apparently only one chain (28). It is thus 
not necessary to invoke heme-heme interaction to explain the 
Bohr effect. It is significant that bullfrog tadpole hemoglobin 
has normal heme-heme interactions but no Bohr effect (29). 
The presence or absence of a Bohr effect and its magnitude thus 
presumably depend primarily on the changes in the mutual rela- 
tions of specific groups during the oxygenation of individual 
chains. Structural changes in adjacent chains also normally 
effect these changes (“heme-heme interaction”). The close 
proximity of the position of the —SH group of the valyl-glutamyl 
chain to the valyl-leucyl chain in the 5.5 A model of horse hemo- 
globin ((22), see (17) for identification of the two chains) suggests 
that interchain hydrogen bonds could also be involved in the 
changes in —SH reactivity during oxygenation. 

The nature of the changes in structure responsible for these 
changes in —SH reactivity is difficult to assess on the basis of 
present information. The similarity of the effects of CO and of 
urea on lamprey hemoglobin suggests that the —SH group may 
be hindered from reaction in deoxygenated hemoglobin by hydro- 
gen bonding not present in oxyhemoglobin. The hydrogen 
bonding might or might not involve the —SH group directly. 
However, it seems possible that the reason for the increase in 
availability of —SH upon oxygenation is because a hydrogen 
bond is broken between the —SH group and an oxygenation- 
linked acid group, and the two groups are forced apart. This 
would explain the fact that NEM reacts very slowly with deoxy- 
genated hemoglobin. 

Considerable segments of the amino acid sequence of both the 
a and 6 chains of human hemoglobin are now known (30-33). 
As of this writing, however, the sequence in the regions contain- 
ing any of the cysteiny] residues has not been determined. When 
available, this information should permit a much better identi- 
fication of the oxygenation-linked acid groups. 





SUMMARY 


N-ethylmaleimide reacts readily with the one available sulf- 
hydryl group in each of the 8 chains of human carboxyhemo- 
globin. Reaction is about 8 times as rapid with carboxy- or 
oxyhemoglobin as with deoxygenated hemoglobin. N-ethyl- 
maleimide, iodoacetamide, and mersalyl each increase the oxygen 
affinity of hemoglobin. The effect is greatest at low degrees of 
oxygenation. The Bohr effect is also most pronounced at low 
degrees of oxygenation in the presence of these agents. These 
effects can be interpreted by assuming that they reflect primarily 
an increase in the oxygen affinity of the hemes of the 8 chains to 
which the agents are attached. On this basis it is suggested 
that at least two different oxygenation-linked acid groups on the 
8 chain contribute a major fraction of the Bohr effect. One of 


5 A. Riggs, unpublished observations. 
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these is believed to be very close to, and perhaps linked with, an 
—SH group. It is suggested that only one oxygenation-linked | 
acid group is on the a chain. 
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In studies of the composition of bacterial cell walls (1), use 
was made of the procedure of Hirs, Moore, and Stein (2), which 
uses a Dowex 1-acetate column for separation of the neutral and 
basic substances of a hydrolysate from glutamic and aspartic 
acids. The fraction containing neutral and basic substances is 
then further resolved on a Dowex 50-H+ column. We reported 
(1) that the serine-threonine fraction of cell wall hydrolysates 
obtained from the latter column unaccountably contained con- 
siderable amounts of p-glutamic acid. Partial clarification of 
this finding resulted from experiments in which glutamic acid 
was heated with serine or other hydroxylic compounds in aqueous 
hydrochloric acid, and the mixture was then evaporated to dry- 
ness in the desiccator, as in preparation of the cell wall hydroly- 
sates. Additional ninhydrin-reacting compounds were formed 
in varying amounts. Since similar procedures are widely used 
in the preparation of small tissue samples for analysis, it seemed 
desirable to define further the conditions under which such arti- 
facts are produced, and to determine their chemical nature. 
Isolation and characterization of two such compounds are de- 
scribed herein. 


EXPERIMENTAL PROCEDURE 


Microbiological Procedures—t-Serine and t-glutamic acid were 
estimated microbiologically with Leuconostoc mesenteroides 8042 
and Streptococcus faecalis 80438, respectively, as test organisms in 
the medium described by Steele et al. (3). 

Samples of glutamic acid esters were sterilized by filtration 
through an ultrafine sintered glass filter before incorporation of 
appropriate aliquots into tubes of the separately autoclaved and 
appropriately diluted assay medium. Growth densities were 
determined spectrophotometrically after 24 to 72 hours. 

Periodate Uptake—Each sample was placed in a 1-cm quartz 
cell of a Beckman model DU spectrophotometer and diluted to 
2.2 ml with water. To each cell, 0.3 ml of 1 m acetate buffer, 
pH 4.3, and 0.5 ml of sodium periodate (10 umoles per ml) were 
added. The contents were stirred, and the absorbancy at 300 
my was read at 5-minute intervals against a buffered blank 
containing no periodate until a constant value was reached. 
The periodate uptake was calculated from the decrease in 
absorbancy (4). 


RESULTS 


Reaction of Glutamic Acid with Various Hydroxy Compounds 
in Acidic Aqueous Solutions—When dilute solutions of glutamic 


* This investigation was supported in part by a research grant 
(E-1575) from the United States Public Health Service, and was 
presented in part at the Pacific Slope Biochemical Conference, 
September 8 to 9, 1960, at Davis, California. 


acid in 3 n hydrochloric acid were heated with various hydroxy 
compounds and the solutions were evaporated to dryness in a 
vacuum desiccator, many additional ninhydrin-reactive com- 
pounds separable by paper chromatography were formed (Table 
I). Only faint additional ninhydrin-reactive spots were ob- 
served as a result of the reaction of aspartic acid or alanine with 
serine or of glutamic acid with threonine under these same con- 
ditions. Thus, glutamic acid appears to be the principal amino 
acid that reacts under these conditions, and the extent of reaction 
is affected markedly by the nature of the hydroxylic compound. 

Effect of Heating and Method of Drying on Reaction—Heating 
is not necessary for the formation of these ninhydrin-reacting 
compounds (Table II). With serine, the best yields were ob- 
tained when the mixtures were slowly evaporated to dryness in 
a vacuum desiccator containing sodium hydroxide as desiccant. 
Yields under otherwise comparable conditions were consistently 
lower when the mixtures were dried in a rotary evaporator In 
contrast to the behavior with serine, glutamic acid in the presence 
of excess glycerol gave consistently high yields of product 
whether the mixtures were dried in a vacuum desiccator or on a 
rotary evaporator. 

Isolation of the Serine-Glutamic Acid Compound (I)—The 
slow moving serine-glutamic acid compound (Rg = 0.16, 
Table I) was formed maximally and about equally when heated 
reaction mixtures containing hydrochloric acid between 0.1 and 
6 N were dried in the vacuum desiccator. L-serine and L- 
glutamic acid, 1 mmole each, were dissolved in 10 ml of 3 N 
hydrochloric acid and heated in a sealed tube at 100—105° for 18 
hours.2, The contents were evaporated to dryness over sodium 
hydroxide in a vacuum desiccator and the residue was dissolved 
in a minimal amount of water. The entire sample was streaked 
along the origin of a sheet of Whatman No. 83MM paper (17 X 
20 in.) and chromatographed by the ascending technique in n- 
butanol-acetic acid-water (4:1:1). The paper was dried and 
rechromatographed in the same solvent system. The desired 
compound was located approximately by spraying a vertical test 
strip cut from the sheet with ninhydrin. That portion of the 


1 We are indebted to Dr. William H. Stein of the Rockefeller 
Institute for communicating to us the information (unpublished 
experiments of A. M. Crestfield, referred to by Moore and Stein 
(6)) that uncharacterized ninhydrin-positive artifacts were ob- 
served when protein hydrolysates or acidified synthetic amino 
acid mixtures were allowed to dry in a vacuum desiccator and 
that the formation of these artifacts could be minimized by dry- 
ing in a rotary evaporator. 

2 Although heating is not necessary for the formation of the 
serine-glutamic acid compound or the glycerol-glutamic acid com- 
pound, conditions prevailing during hydrolysis have been re- 
tained. 
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TABLE I 
Ninhydrin-reacting compounds formed on heating glutamic acid 
with various hydroxy compounds in presence of 
hydrochloric acid 

L-Glutamie acid (0.1 mmole) and hydroxy compound (0.1 
mmole) were sealed in tubes with 1 ml of 3 N hydrochlorie acid 
and heated at 100-105° for 15 to 18 hours. The mixtures were 
evaporated to dryness in a vacuum desiccator containing a 
beaker of sodium hydroxide pellets, and the residues were dis- 
solved in 1 ml of water. Aliquots were chromatographed on 
paper with n-butanol-acetic acid-water (4:1:1) as the solvent. 





Hydroxy compound Rg? of ninhydrin-reacting compounds 





NMR Salo o0e iF cess 1.00 (glutamic acid) 
L-Serine.......... 1.00, 0.67 (serine), 0.16 
Giveerol............... 1.19, 1.00, 0.75, (0.31),° 0.19, 0.03 
jo, (1.18), 1.00, 0.70, (0.38), (0.12) 
Mesoinositol...... 1.20, 1.00, (0.19), 0.10 
p-Glucose... 1.22, 1.00, 0.23, 0.06 
p-Glucosamine.... 1.21, 1.00, 0.51 (glucosamine), 0.12 





« Rg = ratio of distance traveled by unknown to that traveled 
by glutamic acid. 
’ Figures in parentheses indicate fainter spots. 


TABLE II 


Effect of heating and method of drying on reaction of glutamic acid 
with serine and glycerol 

L-Glutamice acid (0.1 mmole) and t-serine (0.1 mmole) or 
glycerol (1 mmole) were treated with 1 ml of 3 Nn hydrochloric 
acid under the conditions listed below. Yields of the serine- 
glutamic acid compound (Rg = 0.16, Table I) and the glycerol- 
glutamic acid compound (Rg = 0.75, Table I) were estimated by 
the quantitative paper chromatographic method of Giri et al- (5) 
with circular and ascending (for better resolution from glutamic 
acid) techniques, respectively, and n-butanol-acetic acid-water 
(4:1:1) as the solvent. 

















| Yield in experiment No. 
Poe om A ae | Drying conditions | 
| | 1 | 2} 3/4 
| % 
Serine | 18 hr at 100- | Vacuum desiccator* | 2.6] 3.7| 2.4| 4.8 
| 105° | 
| 18 hr at 100- | Rotary evaporator | 0.4| 0.7 0.6) 0.5 
| 105° at 40° | 
| None Vacuum desiccator? | 0.4) 3.8) 6.3) 3.4 
| None Rotary evaporator | 0.8] 1.1) 0.5) 0.6 
| at 40° | 
| 24 hr at 25° | Rotary evaporator 0.3 
Glye- | 18 hr at 100- | Vacuum desiccator | 45° 
erol | 105° 
| 18 hr at 100- | Rotary evaporator | 71° 
105° | at 40° | 
| None | Vacuum desiccator* | 51° 
None | Rotary evaporator | 78° 
| at 40° 











@ Over sodium hydroxide pellets. 
> Yield based on the glutamic acid used. 


main part of the sheet which contained the slow moving band 
was then isolated by a series of successive approaches, the un- 
wanted clippings being sprayed with ninhydrin to ascertain that 


Glutamic Acid Esters of Serine and Glycerol 


Vol. 236, No.7 


the compound was absent before the next narrowing cut was 
made. The band was then eluted with water, and the eluate 
was evaporated to dryness over sodium hydroxide in a vacuum 
desiccator. The residue was dissolved in 0.5 ml of water and 
centrifuged; then 4.5 ml of absolute ethanol were added slowly to 
the supernatant solution. 
was washed with ether and dried. The product weighed 20 mg 
(9% of theory) and melted with effervescence at 162-163° 
(corrected). 


CsHiOeN2 
Calculated: C 41.0, H 6.0, N 12.0 
Found :3 C 41.3, H 6.6, N 11.9 


The same compound was formed when L-2-pyrrolidone-5- 
carboxylic acid was used in place of glutamic acid and was iso- 
lated by the same procedure in 7% yield. 

Characterization and Properties of Serine-Glutamic Acid Com- 
pound (I)—Compound I (1 mg) was heated at 100—105° for 15 
hours with 2 ml of 6 N hydrochloric acid. The mixture was 
evaporated to dryness over sodium hydroxide in a vacuum 
desiccator, and the residue was dissolved in 20 ml of water. 
Microbiological assay showed the presence of 3.0 umoles of 1- 
serine and 3.0 umoles of t-glutamic acid per mg of I, or 70% of 
theory on the assumptions that the compound contains equi- 
molar amounts of each amino acid and that hydrolysis is com- 
plete. Compound I gave a brown color with ferric chloride 
after treatment with hydroxylamine, indicating it to be an ester. 
Hydrazinolysis was effected by adding 0.05 ml of 95% hydrazine 
to 1 mg of I at room temperature. Excess hydrazine was 
removed by placing the mixture in a vacuum desiccator contain- 
ing a beaker of concentrated sulfuric acid. The residue was 
dissolved in 0.05 ml of water, spotted on Whatman No. 1 filter 
paper, and subjected to paper ionophoresis in the water-cooled 
flat bed apparatus described by Crestfield and Allen (7). The 
results (Fig. 1) demonstrate the formation of glutamic acid 
y-hydrazide. This evidence is sufficient to characterize Com- 
pound I as O-(y-1-glutamyl)-1-serine, I. 


CH:OCOCH:CH:CHCOO- CH.OCOCH:.CH:CHCOO- 


| | | | 
CHNH;+ NH;+ peat NH;* 
00- CH.0H 
() 


Treatment of Compound I with 0.33 N sodium hydroxide at 
room temperature for 15 minutes resulted in the formation of an 
acidic substance (Fig. 1) which is believed to be N-(y-u-glutamy))- 
L-serine resulting from an alkali-catalyzed O — N acyl migration 
such as occurs when O-benzoylserine is treated with alkali (10) 
and a small amount of pyrrolidone carboxylic acid. Small 
amounts of the peptide also were formed during hydrazinolysis. 

Compound I was unchanged by adsorption on a Dowex 1- 
acetate column and elution with acetic acid. It emerged in the 
initial fraction which contains the neutral and basic substances. 
Chromatography on Dowex 50-H* with hydrochloric acid devel- 
opment hydrolyzed the compound to L-serine and t-glutamic 
acid, which were obtained from the column effluent in 73 and 
70% yields, respectively, as estimated microbiologically. 

Isolation of Glycerol-Glutamic Acid Compound (II)—The 
reaction between glycerol and glutamic acid results in the 
formation of several different products (Table I). However, 


(IT) 


’ Corrected for 4% of ash in the sample. 


The white crystalline precipitate | 
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when a large excess of glycerol was used the product with Rg = 
0.75 was most abundant (Table II). For its isolation, 2 mmoles 
of u-glutamic acid and 20 mmoles of glycerol were heated with 
4 ml of 3 N hydrochloric acid in a sealed tube at 100—105° for 18 
hours.2 The combined contents of five such tubes were con- 
centrated in a rotary evaporator at 50° to a thick syrup which 
was then triturated with acetone to remove most of the excess 
glycerol. The resulting semisolid mass was dried in a vacuum 
desiccator containing sodium hydroxide. To remove glutamic 
acid the residue was dissolved in 5 ml of water and placed on a 
column (26 X 450 mm) of Dowex 1-acetate (200 to 400 mesh) 
which was developed with 0.5 m acetic acid. The initial nin- 
hydrin-positive fraction was concentrated to dryness in a rotary 
evaporator at 50°. The residue was dissolved in 10 ml of water, 
then streaked along the origin of sheets of Whatman No. 3MM 
paper (17 X 20 in.) at the rate of 0.3 ml per sheet and chromato- 
graphed in n-butanol-acetic acid-water (4:1:1). The main 
compound (Rg = 0.75) was isolated from the paper by the 
procedure described for Compound I. Evaporation of the 
aqueous eluate gave a waxy solid in 26% yield (based on glutamic 
acid). ‘The crude material (80 mg) was dissolved in 0.25 ml of 
water and centrifuged. Addition of 5 ml of absolute ethanol to 
the supernatant solution yielded a white precipitate which was 
washed with ether and dried. The yield of purified material of 
melting point 146-147° (corrected) was 16%. 


CsH,;;05.N 
Calculated: C 43.4, H 6.8, N 6.3 
Found: C 41.45, H 68, N 6.6 


Characterization and Properties of Glycerol-Glutamic Acid 
Compound (IT)—Compound II reacted with ninhydrin, gave a 
brown color with ferric chloride after treatment with hydroxyl- 
amine, reacted with periodate, and gave glycerol and glutamic 
acid in equimolar amounts on hydrolysis, indicating it to be an 
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Fig. 1. Paper ionophoresis of the serine-glutamic acid com- 
pound (I) and its degradation products. A, 20 minutes at 20 ma 
and 1550 volts in pH 2 buffer containing 114 ml of glacial acetic 
acid and 25.7 ml of 90% formic acid per liter; B, 40 minutes at 30 
ma and 1600 volts in pH 4 buffer containing 23 ml of glacial acetic 
acid and 6 ml of pyridine per liter. Reference samples of the a- 
and y-hydrazides of glutamic acid, prepared by previously de- 
scribed methods (8, 9), were kindly furnished by Dr. A. Tsugita 
of the Virus Laboratory, University of California. After iono- 
phoresis the papers were sprayed with ninhydrin. Shading indi- 
cates the more intense spots. 
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TaBLeE III 
Analytical data on principal glycerol-glutamic acid 
compound, II 
Analytical determination Found Cole Pond 
pmoles/mg II 
Periodate consumption.................. 4.58 | 4.52 | 101 
Periodate consumption after NaOH treat- 

Ce SSN GE lee Rae: een 8.68 | 9.04 96 
Glutamic acid, colorimetric®............. 4.29 | 4.52 95 
L-Glutamic acid after acid hydrolysis, 

P| a 3.40 | 4.52 75 
Glutamic acid after NaOH treatment, 

ee te ne ee eee ac I inn Haag 0.02 | 4.52 | <1 
L-Glutamic acid after NaOH treatment,* 

WOPODIGIONICAL 0... oc 35 ocr cent oe none <0.32 | 4.52 | <7 
Glutamic acid from passage of II through 

Dowex 50 H* (HCI elution), colori- 

WRMOUNOS. 502. eae Gage eee nee 4.61 | 4.52 | 102 

















* From its empirical formula, Compound II is assumed to con- 
tain 1 mole each of glycerol and glutamic acid. 

6 Compound ITI, 0.5 mg in 0.5 ml of water, was mixed with 0.3 
ml 0.1 N sodium hydroxide and allowed to stand for 15 minutes 
at 25°. The solution was neutralized with 0.1 N hydrochloric 
acid and the periodate uptake measured as described in the text, 
with the use of 7.5 umoles of sodium periodate instead of 5 umoles. 

¢Ninhydrin method of Yemm and Cocking (11). Glutamic 
acid was used as the standard. 

4Compound II was hydrolyzed in 3 n hydrochloric acid at 
100-105° for 18 hours. Paper chromatography of the hydrolysate 
showed that some II was still present. Since Compound II is 
inactive in the microbiological assay (see text), its presence would 
cause the amount of glutamic acid found to be low. 

¢ Treated with alkali and neutralized as described in footnote b. 


ester between glutamic acid and a terminal hydroxyl group of 
glycerol (Table III). Hydrazinolysis and paper ionophoresis 
again showed formation of the y-hydrazide of glutamic acid. 
These data are sufficient to characterize the compound as 
1-(y-1-glutamyl)-glycerol, II. 

An apparently anomalous finding (Table III) was the forma- 
tion of glycerol in the expected amount but essentially no gluta- 
mic acid on alkali treatment of Compound II. When paper 
chromatograms of the base-hydrolyzed mixture were dried 
thoroughly, then sprayed with an ethanolic solution of brom 
cresol green, an acidic zone was detected which was identified as 
pyrrolidone carboxylic acid. Formation of this product rather 
than glutamate on mild treatment of II with alkali resembles its 
formation from glutamine in phosphate buffer at pH 7 to 8 and 
37° (12) and from glutamic acid diethyl ester upon heating in 
water (13). 

When Compound II was placed on a Dowex 50-H+ column 
and the column was developed with 1 N hydrochloric acid, a 
ninhydrin-positive peak was obtained which corresponded in 
position to glutamic acid. Paper chromatography confirmed 
this identification; a quantitative ninhydrin determination on 
this fraction showed a theoretical yield of glutamic acid (Table 
ITI). 

Microbiological Activities of Compounds I and II—As shown 
in Fig. 2, the serine-glutamic acid compound (I) served as a 
source of serine for growth of L. mesenteroides, but failed to sup- 
port growth of this organism when used as a source of glutamic 
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Fig. 2.¥Activity of O-(y-glutamyl)-serine (J) in replacing serine 
and glutamic acid for the growth of L. mesenteroides. Incubation 
was for 24 hours at 37°. 
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Fie. 3. Comparative activities of O-(y-glutamyl)-serine (A 
A) and glutamic acid (O, @) in supporting growth of L. mesen- 
teroides (@, A) or S. faecalis (O, A). To each tube containing 
O-y-glu.ser, 25 ug (170 mumoles) of L-glutamic acid were added. 
Turbidity of cultures was measured after 24 hours at 37°. 


acid. Entirely similar findings were made with S. faecalis. 
Even in the presence of sufficient added glutamic acid to elimi- 
nate the lag in the dose response curve, Compound I was a poor 
source of glutamic acid (Fig. 3). Compound II also failed to 
replace glutamic acid for growth of S. faecalis. These results 
indicate that hydrolysis of Compounds I and II in vivo probably 
proceeds in a manner similar to the alkaline hydrolysis of II, 
that is, with the formation of pyrrolidone carboxylic acid. This 
latter compound is inactive as a source of glutamic acid for both 
the bacteria tested. An enzymatic system that converts y- 
glutamyl peptides to pyrrolidone carboxylic acid has been re- 
ported (14). A less likely explanation of the result lies in the 
fact that the requirement of both organisms for glutamic acid is 
substantially higher than for serine, so that a rate of hydrolysis 
sufficient to supply the serine needed might not be sufficient to 
supply glutamic acid at the required rate. 


DISCUSSION 


The formation of y-glutamyl esters between glutamic acid 
and hydroxy compounds under conditions described herein 
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TaBLe IV 


Estimation of esterified glutamic acid formed during preparation | 
of bacterial cell walls for analysis* 








Glutamate in 
Glutamate |serine-threonine | Glutamate 
Organism from Dowex | fraction from | bound in 
1 column? Dowex ester form 
column 
mg/100 mg cell wall % 
Lactobacillus acidophilus...... 4.6 0.3 6 
Lactobacillus bulgaricus....... 6.3 0.9 12 
Lactobacillus caset............ 2.7 0.2 7 mt 
Lactobacillus delbrueckii. ..... 3.7 0.5 3 4) 
Lactobacillus helveticus....... 2.7 0.5 16 | 
Lactobacillus lactis........... 7.4 1.2 14 
Lactobacillus pentosus........ 7.9 0.6 7 
Lactobacillus plantarum....... 6.4 1.5 19 
Leuconostoc citrovorum........ 78 1.2 14 
L. mesenteroides.............. 5.0 0.5 9 
POON, oo oes eidvccregnees 3.4 0 0 














* Details are given in a previous publication (1). ; 
» Figures are not corrected for the 85% recovery of glutamic | 
acid reported by Hirs e¢ al. (2). 


emphasizes the fact that chemical changes may attend the dry- 
ing of analytical samples even when this is conducted at room 
temperature. In agreement with the group at the Rockefeller 
Institute,! we have found that formation of artifacts of this 
nature can be minimized, but not always avoided completely, 
by rapid evaporation on a rotary evaporator. These esters are 
probably formed during the final stages of drying when the 
reactants are present in a highly concentrated syrupy form. If 
the reaction rate is slow, then slow drying in a vacuum desic- 
cator would favor their formation, and would explain why higher 
yields of O-(y-glutamyl)-serine were obtained from dilute 
solutions of reactants than from more concentrated solutions, 
The wide variability observed in the yield of O-(y-glutamy))- | 
serine on drying unheated solutions containing glutamic acid | 
and serine (Table II) may reflect the variability in the stage at | 
which crystallization of the reactants occurs. i 

Formation of these products occurs under conditions frequently 
used in preparation of samples for analysis of amino acids, and | 
hence may lead to errors in the estimation of glutamic acid (and 
serine). This will be especially true when large amounts of | 
carbohydrate or lipid material are present, as in mucoproteins, | 
lipoproteins, plant products, and bacterial cell walls. In Table 
IV (column 3) are listed the amounts of glutamic acid found in 
the serine-threonine fraction (obtained by the method of Hir | 
et al. (2)) of acid hydrolysates of bacterial cell walls dried in the | 
fashion described herein. These values indicate the amount of 
glutamic acid combined as esters in the original hydrolysate res- 
dues and average approximately 11% of the total glutamic acid. 
Since the cell walls are low in serine (1), most of the glutamic 
acid that appears in this fraction must have been esterified with 
products derived from the carbohydrates and polyols that are 
present in abundance in the cell walls. 

Although Compounds I and II are hydrolyzed by passage | 
through a Dowex 50-H* column, they are stable under the con- | 
ditions used in the automatic recording amino acid analyzer of | 
Spackman et al. (15). Ester formation during preparation of 
samples for analysis can therefore lead to unidentified peaks or 
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irregularities in such analyses‘ and to corresponding errors in the 
estimation of glutamic acid and serine. Production of these 
artifacts during drying may also, of course, give rise to unidenti- 
fied ninhydrin-reactive zones on paper chromatograms of such 
samples. The fact that 1-(y-glutamyl)-glycerol is formed 
readily in the presence of excess glycerol regardless of the drying 
procedure suggests that formation of the lipid-bound amino 
acids observed by other workers (16), and which have been shown 
to be artifacts (17), could possibly be due to operation of a similar 
ester-forming mechanism, especially since glutamic acid seems 
to be one of the more prominent amino acids involved (16, 17). 
If such is the case, suitably constituted hydroxy compounds 
must serve to trap these amino acids more efficiently than glycerol 
or serine, since the lipid-amino acid complexes are formed under 
mild conditions of extraction and involve amino acids in addition 
to glutamic acid. 


SUMMARY 


When aqueous solutions containing glutamic acid together 
with serine, glycerol, glucose, or other hydroxylic compounds in 
dilute hydrochloric acid are evaporated slowly to dryness at 
room temperature, a variety of ninhydrin-reactive compounds 
are formed that can be separated by paper chromatography. 
Formation of these products is minimized by limiting the time 
that hydrolysates are maintained in a syrupy stage during the 
drying process, e.g. by use of the rotary evaporator, and is at a 
maximum when this time is prolonged, as it is in samples dried 
at room temperature in vacuum desiccators. O-(y-Glutamy]l)- 
serine and 1-(y-glutamyl)-glycerol were isolated and charac- 
terized from reaction mixtures that contained glutamic acid and 
serine, or glutamic acid and glycerol, respectively. These 
compounds are unchanged by application to Dowex 1-acetate 
columns and elution by acetic acid, but are hydrolyzed when 
applied to Dowex 50-H+ columns which are developed with 


‘Unpublished results of Dr. A. Tsugita of the Virus Labora- 
tory, University of California, who found that in the Spinco 
amino acid analyzer, Compound I emerged shortly after alanine 
and before cystine and, in fact, coincided in position with a previ- 
ously observed but unidentified bump in the curve obtained on 
running hydrolysates of tobacco mosaic virus protein. 
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hydrochloric acid. Formation of esters of this nature during 
drying of hydrolysates explains the previously noted (1) appear- 
ance of glutamic acid in the neutral serine-threonine fraction of 
hydrolysates of bacterial cell walls. 

Alkaline hydrolysis of these ;-glutamyl esters yields pyrroli- 
done carboxylic acid; acid hydrolysis gives glutamic acid. O- 
(y-Glutamy]l)-serine served as a source of serine for growth of 
Leuconostoc mesenteroides and Streptococcus faecalis, but neither 
it nor 1-(y-glutamyl)-glycerol could be utilized as a.source of 
glutamic acid by these same organizms, perhaps indicating that 
enzymatic hydrolysis, like alkaline hydrolysis, leads to the 
nutritionally unavailable pyrrolidone carboxylic acid. 
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Although paper electrophoresis has many distinct advantages 
over the free boundary method, the most important being that a 
very small amount of material is required, there is difficulty in the 
quantitative determination of the concentrations of the separated 
components. The most commonly used method of detection at 
the present time involves staining the protein with a dye such as 
bromphenol blue or amido black, and then either scanning with a 
densitometer (1, 2) or else cutting out the stained areas and 
eluting them for determination in a spectrophotometer. Al- 
though they provide quantitative results, these methods have 
several shortcomings. First, they require considerable time; 
second, there is no selectivity, so that if two components of a 
mixture have the same or nearly the same mobility, they are not 
separable; and third, the optical methods have limited resolution. 

In 1955 Sharpsteen! discovered that paper electrophoresis 
strips of blood plasma could be scanned with a movable electrode 
(a fixed electrode being maintained at one end of the wet paper 
strip) and a voltage record of the separated components obtained. 
This very significant observation seemed to offer, even in its 
crudest form, the possibility of a higher resolution of components 
in such a protein mixture than had heretofore been achieved by 
optical methods. The voltages obtained by scanning the strip 
in the manner indicated were later shown to arise from electro- 
chemical reactions, 7.e. the paper strip is essentially a series of 
electrolyte concentration cells, the variable voltage arising from 
gradients in the concentration of hydrogen and buffer ions. 
However, because of instrumental difficulties (e.g. poor signal to 
noise ratio, inability to obtain a well defined electrode reaction 
because of oxide coating on the platinum electrode, etc.) quanti- 
tative results could not be obtained to test the validity of the 
method in order to develop a scanning procedure. 

Since proteins bind various metal ions it was suggested* that 
the combination of a metal ion to the protein on the paper strip, 
followed by scanning with an electrode of the same metal, might 
provide a well defined reversible electrode and might also over- 
come the problem of a poor signal to noise ratio. Sharpsteen‘ 
carried out such experiments using silver and blood plasma in a 
procedure involving photochemical reduction of silver ion to 
metallic silver, before scanning, and obtained a significant im- 
provement in the appearance of the scanning records. Having 
been apprised of this initial success, we proceeded with a sys- 


* This investigation was supported by a research grant from 
the Cambridge Instrument Company, Inc. 

1J. R. Sharpsteen, Jr., private communication, 1955. 

2H. A. Scheraga, unpublished observations, 1956. 

3H. A. Scheraga, unpublished observations, 1957. 

4 J. R. Sharpsteen, Jr., unpublished observations, 1957. 


tematic investigation of the problem along the following lines: 
(a) developed a simple scanning procedure based on metal. 
protein interaction, (b) showed that the origin of the voltage is 
indeed in the series of concentration cells arising from the re. 
duced activity of free metal ion (due to binding to the protein in 
specific locations on the paper strip), (c) related the observed 
electromotive force to the concentrations of the various protein 
components, and (d) demonstrated the high degree of selectivity 


in the detection of several components in a mixture of proteins | 


by using, in turn, various metal ions. 
EXPERIMENTAL PROCEDURE 
Materials 


The salts used were all analytical reagent grade. Crystalline 
bovine serum albumin (BSA) was an Armour product, Lot No. 
P67808. Bovine fibrinogen was prepared from plasma Fraction 
I (Armour Lot No. $3904) by a modification of the method of 
Laki (3), as described by Sturtevant et al. (4). The human 
y-globulin was obtained as a 16.5% solution (Lederle, Lot No. 
2175-26). Veronal buffers for electrophoresis were. prepared 
from commercial packets of Spinco B-2 buffer. The electrodes of 
the scanner were made from platinum, silver, and copper, 
respectively. 

The following solutions of the various metal ions were used: 
(a) 0.05 m cupric sulfate; (b) 0.03 m silver nitrate; (c) a mixture 
of Fe++ and Fe+++ ions prepared by pipetting 25 ml of 0.25 u 
sodium thiosulfate into 500 ml of 0.1 m ferric ammonium sulfate 
with vigorous stirring. When the initial dark red color had 
faded, the solution was diluted to 1 liter;5 (d) a mixture of Hg,** 
and Hg** ions prepared by dissolving 0.025 mole each of mer- 
curous and mercuric nitrates in water, a minimal quantity of 5 
M HNO; being added dropwise until the material just dissolved. 
The solution was then diluted to 1 liter. 


Apparatus 


Electrophoresis was carried out in a Durrum-type Spinco 
model R paper electrophoresis apparatus, equipped with a Duo- 


5 This procedure presumably provided a quantity of sodium 
tetrathionate equivalent to the amount of ferrous ion (5); the 
tetrathionate, being a mild reducing agent, served to protect the 
ferrous ion from air oxidation. The actual concentrations of the 
ferrous and ferric forms in this solution were not determined, but 
it was found empirically that the most satisfactory scanning pat- 
terns (see below) were obtained when the number of equivalents 
of sodium thiosulfate added was equal to one-fourth of the number 
of equivalents of ferric ion initially present. Presumably this 
procedure produced a solution in which about one-fourth of the 
iron was in the ferrous form. 
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stat regulated power supply. Spinco B-2 Veronal buffer (pH 
8.6, ionic strength, 0.075) was used in all of the runs. 

The paper strip scanner was constructed by the Cambridge 
Instrument Company. It consisted of a plexiglass sheet with a 
depression for holding the wet paper strip, and a covering plexi- 
glass sheet to prevent evaporation. A stationary platinum 
electrode was attached to one end of the paper strip, and a mov- 
able, scanning electrode made contact with the paper through a 
slot cut in the upper plexiglass sheet. The scanning electrode 
was moved along the length of the paper strip by means of a 
constant-speed motor at a rate of 2.44 inches per minute. ‘Two 
different instruments were utilized for measuring and recording 
the electromotive force between the fixed and scanning electrodes 
as a function of the distance which the scanning electrode 
traveled along the paper strip. Qualitative records were ob- 
tained with a Versascribe electrocardiograph (Cambridge 
Instrument Company) modified to function as a D.C. oscillo- 
graph. It was mechanically coupled to the scanner so that the 
scanning electrode moved at the same rate as the chart paper of 
the recorder. All patterns reported in this paper were obtained 
with this instrument. Quantitative measurements were made on 
records obtained with a Cambridge Instrument Company dye- 
dilution curve recorder, modified to obtain a chart speed of 7.5 
inches per second, and with variable but accurately reproducible 
sensitivity of from 1.1 to 22 mm per mv (maximal peak height = 
180mm). The areas under the peaks on these records, measured 
with a Coradi planimeter, could be determined with a precision of 
better than 1%. Although not done here, it would be worth- 
while to record automatically the area under the peaks together 
with the voltage record itself. Similarly, an automatically re- 
corded derivative of the voltage curve would be useful in quanti- 
tative interpretation. 

The metal electrodes were in the form of thin ribbons, mounted 
in plexiglass, with beveled, chisel-type tips. The long edge of 
the chisel tip was perpendicular to the direction of scanning. 
The tip was sufficiently rounded to prevent abrasion of the paper, 
and was held against the paper with the minimal pressure re- 
quired to maintain good contact. 

Absolute magnitudes of some values of electromotive force 
were checked independently with a Leeds and Northrup type K 
potentiometer. 

A Beckman model G pH meter was used for the determination 
of pH. 


Methods 


Striping Experiments—Initial quantitative studies were 
carried out using paper strips on which protein solutions of vari- 
ous concentrations were simply placed in various locations with 
the Spinco sample striper, but not subjected to electrophoresis.® 
In this manner, the effect of protein concentration on the voltage 
record could be investigated without introducing possible 
additional problems’ which arise during electrophoresis. Since 


6 The filter paper strips were first saturated with Veronal buffer 
and allowed to drain as is normally done in preparing the strips 
for an electrophoresis run. The strips were then removed from 
the electrophoresis apparatus and 10-ul portions of protein solu- 
tions of different concentrations were transferred to the paper with 
the Spinco sample striper. 

7Such problems include loss of protein over the entire paper 
strip due to adsorption during electrophoresis, variations in the 
properties of the filter paper along the strip, introduction of buffer 
ion gradients in electrophoresis, ete. 
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the Spinco sample striper was not especially designed for a 
quantitative transfer of solution to the paper, there was some 
difficulty in achieving uniform stripes but, with care, good re- 
producibility was obtained. After striping, the paper strips were 
placed in an oven at 130° for 30 minutes (as is normally done in 
an electrophoresis run) in order to denature the protein and fix 
its location on the strip. 

After heat denaturation, the strips were allowed to cool and 
then were immersed in a solution of a particular metal ion at 
room temperature for an empirically determined, but critical, 
period of time, which differed from system to system. After 
removal from the treatment solution, the strip was allowed to 
drain for a few seconds, placed into position in the scanner, al- 
lowed to equilibrate for 2 minutes, and then scanned with an 
appropriate electrode. The initial scan was often found to be 
erratic, and as a rule only the second and third scans were used. 
The second scan was usually recorded with the dye-dilution 
(quantitative) recorder, whereas the Versascribe was customarily 
used to record the third sean. It was found that with either re- 
corder, the second and third scans were almost always nearly 
identical, provided there was no great time lapse between them. 

In the “copper system’’ the strips were immersed in the 0.05 m 
cupric sulfate solution for 20 seconds and then scanned with a 
copper electrode. The fixed electrode at one end of the paper 
was platinum which gave similar patterns to those obtained with 
a fixed copper electrode except for a shift of the baseline voltage. 
With the use of the fixed platinum electrode, the baseline was 
adjusted to any desired position by means of a constant bucking 
voltage from an external battery and resistors. 

In the “silver system” the strips were immersed in the 0.03 m 
silver nitrate solution for 10 seconds and then scanned with a 
movable silver electrode and a fixed platinum electrode. 

In the “iron system” a Fe++-Fe+++ mixture was used instead 
of a Fe-Fe*** electrode because the latter is not easily reversible. 
The instability of ferrous ion in air presented no problem.® 
Since ferric hydroxide has a low solubility, it was necessary to 
keep the pH low. Despite the fact that low pH is not very 
favorable for iron binding to the 6-globulin of blood serum (8), 
nevertheless satisfactory results were obtained. In the “iron 
system” the strips were immersed in the ferrous-ferric solution 
for about 2 or 3 seconds and then scanned with platinum elec- 
trodes. 

In the “mercury system” the strips were immersed in the 
mercurous-mercuric solution for 10 seconds and then scanned 
with platinum electrodes. 

Electrophoresis Experiments—Electrophoretic experiments were 
carried out in the conventional manner. In the cell of the 
Spinco model R apparatus, 8 runs could be carried out simul- 
taneously, a 10-ul sample of protein solution having been applied 
to each paper strip. During the runs a constant current of 5 
ma was allowed to pass for 18 hours. At the end of the run, the 
paper strips were placed in the oven at 130° for 30 minutes, and 
then treated in an identical manner as described above for the 
striping experiments. 


8 The length of the immersion period was largely determined by 
the time required for the strip to become soaked through, and 
usually depended on the particular salt used. Significantly longer 
periods of soaking, z.e. more than 2 or 3 times the minimum, tended 
to cause suppression of the signal. 








THEORY 


Our first task is to account for the origin of the observed 
electromotive force and to relate the electromotive force to the 
protein concentration. Consider a filter paper strip which has a 
transverse stripe of denatured protein. If the strip is immersed 
in a solution of a salt containing metal ions M+ and then with- 
drawn, the activity of the metal ion will be uniform throughout 
the paper (and equal to that of the treatment solution if inter- 
actions of M*+ with the paper or buffer are negligible) except in 
the region containing the denatured protein. If the latter can 
bind the metal ion to any extent, then the activity of the free 
metal ion will be lower in the portion of the paper containing the 
protein. This difference in metal ion activity can be detected by 
placing an electrode of the corresponding metal, M, in contact 
with the paper in a region where there is no protein and a similar 
electrode in the protein-containing region. The former cor- 
responds to the fixed electrode (at the end of the paper strip) in 
our apparatus and the latter corresponds to the scanning elec- 
trode which can traverse the paper strip. Since each electrode 
is in contact with metal ions at different activities, the assembly 
constitutes an electrolyte concentration cell whose electromotive 
force can be computed. The, portion of the paper between the 
two electrodes is the analogue of the liquid junction or salt bridge. 
As the scanning electrode moves lengthwise along the strip it 
contacts successive areas of varying activity of M*+ (depending 
on the concentration of protein present and its binding affinity 
for M**). Thus, the half-cell electromotive force, arising at the 
scanning electrode tip, varies as this electrode moves. In other 
words, the electromotive forces of a whole series of half-cells are 
measured as the electrode proceeds. The recorder plots the 
electromotive force as a function of the distance traveled by the 
scanning electrode. If this explanation is correct, we should be 
able to compute the electromotive force as a function of protein 
concentration and verify the computations. In the rest of this 
section we shall report this calculation and, in the next section, 
shall present experimental data to check the theory. 

Ignoring liquid junction potentials, and assuming the metal to 
be pure and at unit activity, we may write expressions for the 
half-cell potentials at 25° at any position of the scanning elec- 
trode and, thereby, obtain the following equation for the over-all 
electromotive force of the cell. 


0.059 


(ay™t)tixea 
Een ae — te ixe 


(dg"+) scan 


(1) 


where the a’s are the metal ion activities at the fixed and scanning 
electrodes, respectively. If the scanning electrode is in contact 
with a protein-free area of the paper, then 


(2) 


and E.e1: = 0. This is the baseline of the voltage-distance rec- 
ord. When the scanning electrode is in contact with a protein- 
bearing area, and if the protein binds M@**+ thereby lowering the 
activity of the free metal ion, then 


(y"+) scan = (ayn) fixed 


(3) 


(A+) scan < (ayn+)¢i xed 


and E.e1. < 0, corresponding to the spontaneous transfer of 
metal ion from the fixed electrode (high activity) to the scanning 
electrode (low activity). With BSA and Cutt ion as an example, 
it is observed that the electromotive force is zero and independent 
of position along the paper as long as the scanning electrode does 
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not contact any protein, and is negative when the scanning eleg. 
trode is in contact with the protein-containing region. Thy| 
observed negative electromotive force implies that the proteiy | 
has bound some cupric ion and lowered the activity of the fre | 
ion. ‘This is the expected behavior for this system. 
Since (@y.+)rixea remains constant as the scanning electrod | 
moves, the value of Eee1 will depend on (ay+)scan in the preg | 
ence of the protein according to Equation 1. Therefore, in orde | 
to compute F-.1; as a function of the total protein concentration, 
P, it is necessary to relate P to (@yn+)scan. For this PUFpose | 
we must have information about the binding of M** to the heat. | 
denatured protein at the given pH. For example, if the proteip | 
is assumed to have m equivalent sites per mole available fo | 
binding M**, each with an intrinsic binding constant k, then the 
number of occupied sites, r, per mole of protein, will be related t 
the concentration, A, of free M** ions, by the following equation | 
(9), which holds in the absence of electrostatic interactions. | 


a 
r mk A m 
Letting B represent the total concentration of M+ (t.e. bound 
plus free ions), then 











a= @| 
r= 
P i 
Combining Equations 4 and 5, we obtain 
4 4308 
B-—A mkA’‘™m @ 


Under the conditions of our experiments (7.e. Ece1; as much as 
—300 mv), the value of (ayn+)scan must be very small (bys 
factor of 10° in this example) compared to (dy"+)tixea, according 
to Equation 1. Therefore, A must be very small compared to B 
in the presence of protein.® With this approximation Equation 


6 becomes 
Pp .4 1 
= + | (7) 


If & is not too large, say not greater than 10°, then 1/kA will be 
much greater than unity because A is very small. With this 
further approximation, Equation 7 becomes 


' a 


B 5 mkA 





@ 


Approximating (ay+)tixea by B and (ayn+)scan by A, Eque 
tion 1 becomes 


—0.059 B 





Eeu = log A (9) 
Substituting Equation 8 in Equation 9, we obtain 
0.059 0.059 
Eu = — — log P — — log mk (10) 


In reality, the protein is distributed in an unknown way (i 
the direction of scanning) through the stripe. Therefore, it is 


® The condition that A be small, deduced from the observed 
range of values of Z..11, no doubt holds only for sufficiently large 
P. If P becomes too small, this condition would no longer be 
expected to hold. 
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impossible to specify what fraction of the protein in the stripe is 
contributing to Z-e1, at any instantaneous position of the scan- 
ning electrode. For simplicity, we may imagine the total amount 
of protein in a stripe to be distributed in the direction of scanning 
as a step function, 7.e. zero outside of the stripe and constant in- 
side the stripe. In passing through the stripe, the scanning 
electrode may be assumed to pass through j concentration cells, 
each with a protein concentration P/j. If each cell has an elec- 
tromotive force equal to E;, given by Equation 10, then the area 
under the curve of the recorded peak will be 


P 0.059; 





Area = >. E; = ee log log mk (11) 
0597 0597 k 
= tog PO tog (12) 


Thus, a plot of the area under the peak should be a linear func- 
tion of log P. No significance can be attached to the slope or 
intercept because of the unknown nature of the quantity j and 
the approximation of the distribution of P in the stripe by a step- 
function. In the next section it will be shown that, in the strip- 
ing experiments, Equation 12 is obeyed, at least at sufficiently 
large P. Thus, the origin of the observed phenomenon is ex- 
plained in terms of the behavior of electrolyte concentration cells. 

It remains to justify the approximations made in the above 
treatment. Although no data are available for the binding of 
Cut+ ions to heat denatured BSA, we shall resort to data of Klotz 
and Curme (7) which apply to the native protein at pH 4.8, 
which is also the pH of our treatment CuSQ, solution. Of 
course, it is unreasonable to suppose that the binding data for 
native and denatured BSA will be the same, especially since no 
doubt there is a significant difference in the internal structure of 
the protein. Nevertheless, since we are seeking only order of 
magnitude data to justify our approximations, this procedure is 
probably not as outrageous as it appears. From the data of 
Klotz and Curme we obtain values of about m = 16 and k = 
800. Thus k is not too large, as assumed, in transforming Equa- 
tion 7 into Equation 8. Further, according to Equation 12, 
Pmk/j must be greater than unity for the area to be negative as 
observed. Taking mk as 104, P/j must be greater than 10-4 
moles per liter. If the stripe were prepared from 10 ul of a 1% 
protein solution, there would be 100 ug of protein in the stripe. 
The volume of the stripe was calculated to be about 40 ul or less, 
0 that the concentration of protein would be between 2.5 and 10 
gper liter. If a molecular weight of 69,000 is assumed for the 
protein, the value of P/j would then be 3 — 15 X 10-5 moles per 
liter, which is approximately equal to the minimal value required 
for the validity of the approximation under discussion. The 
large value of Pmk/j will assure that A is small, as assumed, un- 
less B is excessively large. If B becomes large, then the amount 
of M+ removed by the protein does not lower B significantly, 
ie. B and A are comparable. Under these conditions, the ap- 
proximation that B > A, used in obtaining Equation 7, would 
not hold. Also, under conditions where B is comparable to A, 
the value of Lei: would become too small to measure accurately. 
Since we obtained significantly large values of E.en we can be 
assured that B >> A and P was sufficiently large (at least in the 
higher range of concentrations) for these approximations to hold. 
Itmay be noted here that the ionic strength on the paper must 
be sufficiently high to avoid high resistance in the wet strip. 
The concentrations of our treatment solutions were high enough 
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Fig. 1. The relation between area and concentration in stripes 
of BSA, without electrophoresis, recorded using the copper system. 
A typical Versascribe pattern is shown at the top, with protein 
concentrations in percentage indicated. The areas under the 
peaks are plotted against the protein concentration on a semi- 
logarithmic scale. 








to maintain good conductivity. Finally, it may be mentioned 
that, although we required the validity of all these approxima- 
tions to test the theory in the striping experiments, these approxi- 
mations need not hold rigorously in the electrophoresis experi- 
ments, 7.e. even if the area cannot be related to the protein 
concentration by a simple algebraic equation we can still use the 
method to analyze protein mixtures if we obtain an empirical 
calibration curve between area and protein concentration for 
the given metal ion with every protein component of the mixture. 
Further, even without such calibration curves, it will be possible 


to compare the electrophoretic patterns of normal and pathologi- 
cal blood plasmas. 


RESULTS AND DISCUSSION 


Striping Experiments—The initial studies were designed to 
obtain an experimental verification of the applicability of 
Equation 12. In order to maintain the appropriate conditions 
for the validity of the approximations discussed in the previous 
section, and also to avoid the additional errors inherent in electro- 
phoresis, the initial experiments were carried out with the striping 
technique already described. Since BSA was readily available 
in relatively pure form, this protein was chosen as a typical one; 
cupric ion was selected as a representative metal-ion because it 
was known to bind readily to BSA. Measurements were made 
of electromotive force (i.e. area) of the Cu, Cu++ system at several 
different protein concentrations on the same strip. A typical 
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Fig. 2. The relation between area and concentration in stripes 
of bovine fibrinogen, without electrophoresis, recorded using the 
copper system. The pattern obtained resembled that shown in 
Fig. 1, except that much lower protein concentration was required 
to give equivalent peak size with fibrinogen. Areas under the 
peaks are plotted against protein concentration on a semi-logarith- 
mic scale. 


result is shown in Fig. 1. Although there is some scatter among 
the points, it seems that the best relationship between electro- 
motive force (represented by area under the peaks on the pattern) 
and protein concentration was that predicted from the theory. 

In order to test Equation 12 more extensively, this experiment 
was repeated with other proteins and other metals; bovine 
fibrinogen and human y-globulin were used for this purpose. 
Typical results obtained with fibrinogen, using the Cu, Cut++ 
system, are shown in Fig. 2. It should be noted that this protein 
may be detected with copper at much lower concentration than is 
BSA. Also, more consistent results were obtained than with 
BSA. The reason for these improved features is not immediately 
apparent, but it is possible that the binding capacity of fibrinogen 
for copper is much greater than that of BSA, so that a higher 
electromotive force is obtained with a smaller amount of protein. 
It is also possible that the more erratic results obtained with 
BSA are due to side effects arising from the large amount of pro- 
tein required, making it difficult for Cu++ ions to penetrate the 
stripe completely. If so, then it would be understandable that 
more consistent results should be obtained with the fibrinogen 

As a final example, y-globulin solutions were striped on filter 
paper strips, and were scanned using the Ag, Ag+ system. A 
typical Versascribe pattern and graph are shown in Fig. 3. It 
should be noted that the range of concentrations used here is 
approximately the same as that of fibrinogen. The points lie 
fairly close to a straight line, as predicted, particularly at higher 
concentrations, where the theory would be expected to be more 
accurate. Presumably, curvature will be evident at lower con- 
centrations where the approximations break down. In sum- 
mary, the data of Figs. 1 to 3, and other similar data not shown, 
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provide an experimental test of the applicability of Equation 12 

No serious problems seem to arise from variation in the micro. 

structure of the filter paper or from evaporation. 
Electrophoresis of Fractionated Proteins—Similar experiments 


were next carried out with fractionated proteins which had bee) | 


subjected to electrophoresis under the conditions already de 
scribed. At the same time it was desired to check the applica. 
bility of Equation 12 to a given protein component in a syn. 
thetically prepared mixture. For this purpose 8 solutions wer 
prepared, each of which contained the same amount of bovine 
fibrinogen (0.47%) but varying amounts of BSA. These mix. 
tures were each separated by paper electrophoresis, heat-de. 
natured, treated with the copper solution, and scanned with, 
copper electrode in the manner previously described. A typical 
Versascribe pattern and set of data are shown in Fig. 4. | 
should be noted that the presence of a constant amount of fibrin. 
ogen does not interfere with the migration of the albumin (i¢, 
there are no significant albumin-fibrinogen interactions). Fw. 
ther, the area under the albumin peak is a linear function of the 
logarithm of the albumin concentration as predicted by Equation 
12. The deviation from linearity at low protein concentration 
may again be due to the breakdown of the approximations 


These results are especially satisfactory considering that dif. | 
fusion, and adsorption of protein along the paper, can oceu | 


during electrophoresis. Despite these possibilities, a very good 
baseline was obtained (see Fig. 4). 

After we had obtained this further verification of the theory, 
under conditions of electrophoresis, a variety of metals and 
protein fractions were investigated in order to improve the 
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Fic. 3. The relation between area and concentration in stripes 
of human y-globulin, without electrophoresis, recorded using the 
silver system. A typical Versascribe pattern is shown at the top, 
with protein concentration in percent indicated. The areas under 
the peaks are plotted against the protein concentration on a seMll- 
logarithmic scale. 
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selectivity of the method. The choice of metals was somewhat 
limited by the requirement that the pH of the system should not 
be too low, to enhance binding (8), and also that the electrodes 
should be rapidly reversible. In addition to the silver and copper 
systems, cobalt, nickel, iron, and mercury were tried. The re- 
sults obtained with cobalt and nickel were less satisfactory than 
the others; therefore, it was decided to concentrate on the four 
most reproducible systems which provide a fair variety of the 
available types of metals. 

Since the Fe, Fet+++ electrode is not as rapidly reversible 
as would be desired, and the construction of a pure mercury 
electrode presents technical difficulties, a somewhat different 
technique was applied in the use of these metals. In general, a 
binding site on a protein tends to discriminate between the ions 
of a metal in various oxidation states so that, for example, ferric 
jon might be bound very strongly, and ferrous ion might be 
bound to a very limited extent or very weakly by the same pro- 
tein (e.g. B-globulin (6)). Therefore, it is possible to treat a 
protein-bearing strip with a mixture of ions in two different 
oxidation states; if one of the ions is bound preferentially, the 
ratio of activities will be different from that at the reference 
point, giving rise to an electromotive force in the same manner 
as at the types of electrode previously considered. This electro- 
motive force may be detected by simply scanning the strip with 
a platinum electrode. Even though the relative affinities of the 
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Fic. 4. Relation between area and concentration of BSA after 
electrophoresis of mixtures of BSA and fibrinogen, using the cop- 
per system. A typical Versascribe pattern, this one having a 
BSA concentration of 2%, is shown at the top. The short vertical 
line indicates the location of the origin, with the arrow indicating 
the direction of migration. The data for the areas of the albumin 
peaks in the 8 runs in this figure were all obtained from a single 
experiment and are plotted on a logarithmic scale. 
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Fig. 5. Solutions of three purified plasma components, 4% BSA 
(labeled A), 0.5% bovine fibrinogen (labeled ¢) and 1.6% human 
y-globulin (labeled y), were subjected to electrophoresis and then 
scanned, using the copper, silver, iron, and mercury systems, re- 
spectively. The vertical line in each case indicates the point at 
which the protein was applied to the filter paper. Migration of 
albumin and fibrinogen was toward the right, y-globulin toward 
the left. The electromotive force scales are not the same for all 
systems. 


two ionic species would depend upon their relative concentrations 
in the solution, no attempt was made in these experiments to de- 
termine these relative concentrations or to obtain quantitative 
relationships between protein concentration and observed electro- 
motive force. It was considered satisfactory, for our purpose, to 
show that different types of patterns (including peak size and 
shape) can be obtained with various metals. 

In order to gain some knowledge of the kind of results that 
could be expected, the fractionated plasma components used for 
the previous studies were subjected to electrophoresis, and then 
were scanned, using each of the systems described. Typical 
results are shown in Fig. 5. The most striking feature is the 
great difference between the patterns obtained with the various 
metal systems. With silver, for example, the fibrinogen seems to 
be quite homogeneous, whereas with copper and mercury two 
components are clearly evident. It was found, in fact, that this 
particular fibrinogen preparation was clottable only to an extent 
of 85%, so that there is a distinct possibility that the “‘active” 
and “inactive” species might be separated by electrophoresis, 
but have been heretofore undetected. The peculiar pattern of 
y-globulin obtained with iron is also interesting, although it has 
not as yet been clearly demonstrated whether this is fact or 
artifact. This doubly spiked pattern seems to appear only when 
the concentration of y-globulin is rather high (greater than about 
1.5%) and might be a consequence of the fact that both ferrous 
and ferric ions are bound by the protein, but with different 
binding constants, rather than actually indicating the presence 
of several separated components. This type of pattern appeared 
quite often in “abnormal” plasmas, but not in those samples 
considered to be most likely “normal.” Albumin, also, appears 
to have been fractionated, with several peaks showing up in the 
pattern obtained with silver. 

Electrophoresis of Plasma—Several samples of human blood 
plasma, collected for routine clinical tests were obtained from the 
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Fic. 6. A comparison of patterns obtained with four different 
metal systems on normal plasma and agammaglobulinemic serum, 
after electrophoresis. The vertical lines indicate the point at 
which the samples were applied to the filter paper, with the mi- 
gration of most of the components toward the right. The pattern 
labeled BPB was obtained by scanning a strip bearing the normal 
plasma with the Spinco Analytrol, after staining with bromphenol 
blue in the conventional manner. The concentration of albumin 


was too high for this apparatus to measure accurately at the sen- 
sitivity used. 
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Fig. 7. An abnormal plasma (diagnosis not known), subjected 
to electrophoresis. At the top is a pattern obtained upon treat- 
ment with the iron system, showing the doubly spiked y-globulin 
peak and the 8-globulin peak which is generally absent in patterns 
obtained with this system. Below, for purposes of comparison, 
is a pattern obtained by treatment with the copper system. It 
is noted that the y-globulin content, as well as that of the 6-globu- 
lin, is unusually high in this plasma. 














laboratory of Tompkins County Memorial Hospital,” subjected 
to electrophoresis, and scanned, using each of the four metal 
systems described above. Since these samples were obtained 
from hospitalized patients, it was not surprising that considerable 
variation was noted from one to another. However, duplicate 
strips showed good reproducibility in most cases. In order to 
obtain a standard of comparison, 7.e. a presumably normal 
plasma, the blood of one of the authors was drawn; clotting was 
prevented by the addition of heparin, and patterns were made 
with each of the metal systems, as well as in the conventional 
manner with the Spinco Analytrol, after dying some strips with 
bromphenol blue. In Fig. 6 the normal plasma is compared 
with the serum of a patient having agammaglobulinemia. 

It is, first of all, interesting to compare the patterns obtained 


10 We are indebted to Dr. W. L. Lanyon for these samples. 
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by this metal-ion scanning technique with that obtained by the 
conventional method. Although there is no clear-cut demon- 
stration of additional components by use of the metal-ion binding 
technique, the various fractions seem to be more clearly defined 
and, upon close examination of the different patterns, it may be 
inferred that several sub-fractions are discernible. The clear 
resolution of the y-globulin fraction of the normal plasma is 
especially evident, compared to the pattern obtained with the 
Analytrol. It should also be noted that, in the Analytrol pat- 
tern, the highly concentrated albumin peak is not obtained at 
the sensitivity required to give reasonable peak heights to the 
other components. On the other hand, by proper choice of 


metal, it is possible to control the albumin peak height so that | 


all components are easily detected in a single scan. 
previously mentioned, calibrations are required with each metal- 
protein combination in order to convert areas to protein concen. 
trations. At the same time, this is one of the great advantages 
of the method, 7.e. by appropriate choice of metal a given peak 
can be surpressed or enhanced, providing selectivity in the 
analysis of complex mixtures, 

This feature of selectivity is demonstrated in Fig. 6, by com- 
paring the patterns of normal plasma with those of abnormal 
serum. Referring first to the silver patterns, the absence of both 


Of course, as | 


y-globulin and fibrinogen in the abnormal serum is immediately | 


apparent. In the same patterns, there seems to be an additional 
component in the abnormal serum, between the @-globulin and 
the a2-globulin, which does not appear in the normal plasma, 


Furthermore, careful comparison of either the silver or copper | 


patterns leads one to suspect that there is y-globulin present in 
the abnormal serum, in low concentration, but that its mobility 
is lower than that of the normal individual. 
fast-moving y-globulins are completely absent, and the slovw- 
moving components continue to be present. 


It has been somewhat disappointing that the B(metal-binding)- | 


globulin has not been selectively brought out by the iron treat- 
ment, as was expected in view of the fact that ferric ion is strongly 
bound to this protein, whereas ferrous ion is hardly bound at all 
(6). This might be explained by the fact that it was necessary 
to work at very low pH in order to keep the ferric ion in solution, 
and the extent of binding decreases rapidly at the lower pH val- 
ues. Or the absence of a peak might be due to the small number 
of binding sites (two) for this metal, requiring a rather high pro- 
tein concentration before B/A becomes significantly small. 
That the latter might be the explanation is indicated by the ap- 
pearance of a peak in the 6-globulin region in one of the abnor- 
mal plasmas analyzed (in which the concentration of 8-globulin 
is abnormally high), as is shown in Fig. 7. Coincidentally, the 


Or perhaps only the | 


EE EEE 


doubly spiked y-globulin pattern was also obtained with this | 


particular plasma. The pattern obtained with the copper sys- 
tem, shown for purposes of comparison, indicates that the - 
globulin content is indeed considerably higher than usual, and 
that there are also some slow y-globulins present, causing an un- 
usually skewed peak. 

These results give some indication of the possible wide applica- 
tion of this general technique. Further research will undoubtedly 
develop other metal-ion systems which can impart even better 
selectivity than those studied thus far. However, aside from 
the promise of improved selectivity, the procedure described here 
also makes it possible to obtain results in a much shorter time 
than is required by the dye-binding techniques. Within perhaps 
half an hour after the protein-bearing strips are removed from 
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the drying oven following electrophoresis, it is possible to have 
the analytical results. This is to be compared to the 7 hours or 
so, required in the dye-binding method. Furthermore, varia- 
tions of this technique should make it possible to scan other 
media, such as starch gel, agar, glass fiber, etc., thereby taking 
advantage of the improved resolution obtained with some of 
these other supports, and still have the added advantage of im- 
proved selectivity of the metal-ion binding. 


SUMMARY 


It has been found by Sharpsteen that if a wet protein-bearing 
filter paper strip is contacted at one end by an electrode, and a 
second electrode is drawn along the strip, an electromotive force 
is produced when the moving electrode encounters regions of the 
paper which bear the protein. This effect can be enhanced by 
binding various metal ions to the protein and scanning the paper 
strip with an electrode of the corresponding metal. It is shown 
here that this electromotive force arises as a result of the forma- 
tion of a concentration cell due to binding of metal ions to the 
protein, and a theory is presented which relates this electromotive 
force to the concentration of protein present. Experimental evi- 
dence is presented which tends to corroborate the theory ; further- 
more, it is shown that an electromotive force is obtained with each 
of several different plasma proteins, e.g. bovine serum albumin, 
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bovine fibrinogen, and human y-globulin, and with several differ- 
ent metals, viz. Cu, Ag, Fe, and Hg. Finally, it is demonstrated 
that strikingly different patterns are obtained by using different 
metal systems with the same electrophoretically separated 
plasma, and it is suggested that this might make it possible to 
determine certain components of protein mixtures more selec- 
tively. 
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On the Active Site of Myosin A-Adenosine Triphosphatase* 
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Divalent metals tightly bound to myosin A have been at the 
focus of interest in studies on the relaxation of muscle models 
and the activation of adenosine triphosphatase by ethylene- 
diaminetetraacetic acid. Friess et al. (1) suggested from their 
analysis of the enhancement of the ATPase activity by EDTA 
(2, 3)! that myosin A contains “intrinsic” divalent metal, probably 
Mg**, tightly bound to the active site of myosin A. The con- 
centrations of Ca++ and Mg++ in myosin A were measured by 
Hasselbach (4). Bozler (5) and Watanabe and Sleator (6) dem- 
onstrated that in the presence of ATP and Mg**, glycerol-treated 
muscle fibers relax on addition of a small amount of EDTA and 
contract after further addition of a small amount of Ca++. From 
these results Bozler (5) concluded that EDTA relaxes muscle 
fibers by its chelation to Ca++ tightly bound to the muscle fibers. 

In the preceding paper of this series (7) it has been reported 
that almost all divalent metals tightly bound to myosin A can 
be removed by treatment with p-chloromercuribenzoate and 
that, after recovery of the SH group by treatment with cysteine, 
the ATPase of myosin A regains almost completely its original 
properties, especially with respect to the dependence of its 
activity on pH and the activation by EDTA or p-chloromercuri- 
benzoate. It was also reported previously (8) that in the presence 
of 0.075 m KCl and a Mg++ concentration which is 1 mM greater 
than the ATP concentration the clearing response (9) to ATP 
and the substrate inhibition (10) of the ATPase of actomyosin 
disappear on addition of a small amount of the mercurial. On 
the basis of these results the properties of myosin A, which had 
been treated with p-chloromercuribenzoate and cysteine were 
further investigated and the following results were obtained: 
(a) the viscosity and the sedimentation coefficient at one con- 
centration of myosin A are not changed by the pretreatment with 
p-chloromercuribenzoate and cysteine; (6) the mercuribenzoate- 
cysteine treated myosin A combines with F-actin, forming a 
typical actomyosin just as the original myosin A does; but (c) 
in the presence of 0.075 m KCl and a Mg** concentration which 
is 1 mm greater than the ATP concentration, actomyosin re- 
constituted from F-actin and the mercuribenzoate-cysteine 
treated myosin A superprecipitates immediately after the addition 


* This investigation was supported by Research Grant A-4233 
from the National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health, United States Public Health Serv- 
ice, and by a grant from the Ministry of Education of Japan to 
the Research Group on Structure and Function of Muscle Pro- 
tein. 

1 The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 


of ATP, and does not show the clearing response to ATP and 
the inhibition of ATPase activity by excess substrate. 


EXPERIMENTAL PROCEDURE 


Myosin A was prepared from rabbit skeletal muscle by the 


method described by Perry (11), with slight modifications.? The | 


pretreatments of myosin A with p-chloromercuribenzoate and 


cysteine were performed under the conditions described previ- | 


ously (7). G-actin was prepared from acetone-treated rabbit 
muscle by the method of Mommaerts (12), with slight modifica- 
tions, and transformed to the F form in 0.2 m KCI solution at 
20°. Actomyosin was reconstituted from one part of F-actin 
and 2.5 parts of myosin A by weight. 

ATP was a Sigma preparation. p-Chloromercuribenzoate, 
cysteine, and other reagents were commercial products of the 
best reagent grade available. 

ATPase activity at the steady state was measured in the 
presence of 0.075 m KCl, 2 mm Mg*+, and 1 mm ATP at pH 7.0 
and 20° unless otherwise stated.* The total volume of the re- 
action mixture was 20 ml, and the enzyme concentration was 
usually 0.2 mg per ml. The reaction was stopped by adding 
trichloroacetic acid at measured time intervals (usually 1, 2, 3, 
and 4 minutes), and inorganic phosphate liberated was determined 
by the Martin-Doty method (13). 

Intensity of light scattered by actomyosin at an angle of 9’ 
with respect to the incident beam was measured by an apparatus 
described previously (14). The measurements were made in 
0.6 M KCl solution at pH 7.0 and 13°. The protein concentration 
was about 0.5 mg per ml. The viscosity was measured in 04 
M KCl at pH 7.0 and 20 + 0.05° by the use of an improved 
Ostwald-Fenske type viscometer in which the average velocity 
gradient was about 100 sec-!. The sedimentation runs wer 
made in a Spinco model E ultracentrifuge, operated at 56,10 
r.p.m. and at 20 + 0.2°. The sedimentation coefficients wer 
calculated from plots of the logarithm of the distance from the 
center of rotation against time (15). The usual corrections (15) 
for solvent viscosity and buoyancy were made in calculating 
820, w- 


2 Y. Tonomura, S. Tokura, K. Sekiya, and K. Imamura, sub- 
mitted for publication in the Archives of Biochemistry and Bio- 
physics. 

3 In the case of our actomyosin the inhibition of ATPase by 
excess substrate and the change in colloidal state of actomyosil 
with increase in ATP concentration were clearly observed under 
these experimental conditions (cf. Fig. 2 of this paper and Fig. ! 
of Ref. (8)). 
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TABLE I 
Viscosity and sedimentation coefficient of myosin A 
Viscosity at 0.6 m KCl, pH 7.0, and 20°; myosin A No. 26, 


1.0 to 1.5 mg per ml. Sedimentation at 0.5 m KCl, pH 7.0, and 
20°; myosin A No. 27, 3.6 mg per ml. 








Myosin Nap/C S20,w 
100 ml/g | 10-* sec 
MON its io a Se oe ee, Pe Ae 2.64 3.8 
Treated with p-chloromercuribenzoate- 
URI oraie oresecicm seis eb er ea Sener ata 2.72 3.8 











The amounts of Ca++ and Mg++ were measured by the 


procedure described previously (7), by Yanagisawa’s method 
(16). 


RESULTS 


Reconstitution of Actomyosin—In the ultracentrifuge patterns 
of the mercuribenzoate-cysteine treated myosin A, as well as 
the control, only one peak was revealed, and at a protein con- 
centration of 3.6 mg per ml 820, of both the preparations was 3.8 
$ (Table I). The specific viscosity, 7,», at protein concentra- 
tions of 1.0 to 1.5 mg per ml was not changed significantly by the 
mercuribenzoate-cysteine treatment of myosin A, the values of 
nep/¢ (100 ml per g) being 2.6 to 2.7. The 7.) of the actomyosin 
reconstituted from the mercuribenzoate-cysteine treated myosin 
A was much larger than the sum of the 7,, of myosin A and F- 
actin, and on the addition of ATP it decreased to a value which 
was almost identical to the sum of 7,, of myosin A and F-actin, 
as is well known on the usual actomyosin. 

As shown in Fig. 1, the intensity of light scattering of both 
the actomyosins reconstituted from the control myosin A and 
the mercuribenzoate-cysteine treated myosin A decreased to 
about 40% of the original value on the addition of ATP. In the 
presence as well as in the absence of 0.1 mm Mg**, the relation 
between the quantity (I> — I-)/Ia and the concentration of ATP 
(§), did not show any significant difference between these two 
actomyosin preparations. (Jo and I., intensities, respectively, 
of light scattering before and after addition of a stated amount 
of ATP.) 

Clearing Response of Actomyosin to ATP—As previously 
reported (8), in the presence of 0.075 m KCl and a Mg** con- 
centration which is 1 mm greater than the ATP concentration, 
the rate of ATP cleaving by ordinary actomyosin decreases with 
increase in ATP concentration above 0.1 mm. As described in a 
previous paper (8), the inhibition of ATPase by excess substrate 
(10) is caused by the change of the colloidal state of actomyosin 
from the superprecipitated state to the clear phase with increase 
inthe concentration of ATP. Fig. 2 shows the Lineweaver-Burk 
plots (17) of ATPase (at the steady state in 0.075 m KCl and a 
Mg** concentration which is 1 mm greater than the ATP con- 
centration) of the control actomyosin and the actomyosin re- 
constituted from the mercurial-cysteine treated myosin A. As 
clearly seen in the figure, the control actomyosin showed the 
tlearing response to ATP, and the ATPase activity decreased 
with increasing substrate concentration. Furthermore, the 


‘The molecular size and shape of our myosin A is described in 
aseparate paper.2 The s%o,,, of our myosin A is somewhat smaller 
and the concentration dependence of the 820.w is larger than those 
reported by previous workers. 
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Fig. 1. Relation between degree of decrease of light scattered 
by actomyosin and concentration of ATP. Jo and J, are intensi- 
ties of light scattering before and after addition of a certain 
amount of ATP, respectively. Experiments were performed at 
0.6 m KCl, pH 7.0, and 13.8° in presence (A, @) and absence 
(A, ©) of 0.1 mm Mgt*. Myosin A No. 26, 0.36 mg/ml, and 
F-actin,0.14mg/ml, were used. A, A, Control actomyosin; O, @, 
actomyosin from myosin A that had been treated with p-chloro- 
mercuribenzoate and cysteine. 
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Fig. 2. Lineweaver-Burk plots of actomyosin-ATPases at 
steady state. Designations (++) and (+) represent superpre- 
cipitation immediately after and several minutes after addition of 
ATP and designation (—) denotes clearing response to ATP. 
Experiments were performed at 0.075 m KCl, pH 7:0, and 24°. 
[Mgt*] was 1 mo in excess of [ATP]. Myosin A No. 25 was used; 
myosin A to F-actin = 2.5:1. A, Control actomyosin; A, con- 
trol actomyosin plus 0.2 mm Ca**; O, actomyosin from p-chloro- 
mercuribenzoate-cysteine treated myosin A; @, actomyosin from 


p-chloromercuribenzoate-cysteine treated myosin A plus 0.5 
mm EDTA. 














activity was enhanced only slightly by the addition of 0.2 mm 
Cat+. This indicates that the actomyosin preparation used 
was free of the physiological relaxing factor(s) (18). On the 
other hand, the actomyosin reconstituted from the mercuri- 
benzoate-cysteine treated myosin A superprecipitated immedi- 
ately after the addition of ATP in the concentration range from 
0.05 to 1 mm, without showing the clearing response to ATP. 
The ATPase activity was not inhibited by excess substrate and 
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Fig. 3. Phosphate liberation from ATP at steady state by 
actomyosin preparations. Experiments were performed at 0.075 
m KCl, 2 mm Mg*+, 1 mm ATP, pH 7.5, and 22°. Myosin A No. 
27 was used; myosin A to F-actin = 2.5:1. A, Control actomyo- 
sin; A, control actomyosin plus 0.5 mm Catt; ©, actomyosin 
from p-chloromercuribenzoate-cysteine treated myosin A; @, 
actomyosin from myosin A which was obtained by dialysis against 
0.6 m KCl after incubation of mercuribenzoate-cysteine treated 
myosin A with 10 mm Ca**; @, actomyosin which was incubated 
with 10 mm Ca** and dialyzed against 0.6 m KCl, after reconstitu- 
tion of actomyosin from mercurial-cysteine treated myosin A. 


it obeyed the Michaelis-Menten relation. For instance, in the 
presence of 1 mm ATP, the ATPase activity of actomyosin 
reconstituted from the mercuribenzoate-cysteine treated myosin 
A was 250 to 400 umoles of P; per minute per g, although the 
activity of the control actomyosin was only about 13 uwmoles of 
P; per minute per g. 

As already reported (8), in the presence of 0.075 m KCl and a 
Mg*+ concentration which is 1 mm greater than the ATP con- 
centration, the clearing response to ATP and the inhibition of 
ATPase by excess substrate of ordinary actomyosin are remark- 
ably promoted by the addition of EDTA. As indicated in Fig. 
2, neither the colloidal state nor the ATPase activity of the acto- 
myosin reconstituted from mercuribenzoate-cysteine treated 
myosin A were affected by the addition of 0.6 mm EDTA. 

Irreversibility of p-Chloromercuribenzoate-Cysteine Treatment— 
It has already been demonstrated (7) that myosin A contains 
about 1 mole of Ca++ and 0.3 to 0.7 mole of Mg++ per 2.1 x 
10° g of the protein, and that these divalent metal ions can be 
released from the protein by the titration of the SH groups 
by mercuribenzoate (1 to 4 moles/10° g of myosin A). When my- 
osin A was incubated with 160 moles of cysteine per 2.1 x 10° g of 
the protein and 0.1 mm Ca++ for 5 to 6 hours after the p-chloro- 
mercuribenzoate treatment, and subsequently free Ca++ and 
cysteine were removed from myosin A by five repeated precipita- 
tions from 0.025 m KCl followed by solution in 0.5 m KCl, it con- 
tained only about 0.15 mole of divalent metals per 2.1 x 10° g of 
the protein. 

Fig. 3 shows the effect of the Ca++ treatment on the ATPase 
activity of the actomyosin preparation from the mercurial-cys- 
teine treated myosin A. One actomyosin was prepared from my- 
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osin A which was obtained by dialysis against 0.6 m KCl at 4° for | 
24 hours, after incubation of the mercuribenzoate-cysteine treated | 
myosin A with 10 mm Ca++ in 0.6 m KCl at pH 7.0 and room 
temperature for 1 hour. The other actomyosin was incubated 
with 10 mm Ca++ and dialyzed against 0.6 m KCl after recon. 
stitution from F-actin and the mercuribenzoate-cysteine treated 
myosin A. As clearly seen in this figure, in the presence of 
0.075 m KCl, 2 mm Mg**, and 1 mm ATP, the ATPase activity 
(250 umoles of P; per minute per g) of the actomyosin recon. 
stituted from the mercurial-cysteine treated myosin A did not 
return to the much lower activity (14 umoles of P; per minute | 
per g) of the ordinary actomyosin, even after treatment with 
Ca++. Similar results were also obtained with actomyosin 
which was treated by p-chloromercuribenzoate and then by 
cysteine and 0.1 mm Ca**, but not dialyzed to remove cysteine 
and Ca++. Fig. 4 shows the dependence of ATPase activity of | 
actomyosin on the concentration of p-chloromercuribenzoate 
in the absence and the presence of cysteine. In the range of the 
amounts of p-chloromercuribenzoate from 0 to 1 mole/10° g g | 
myosin A the ATPase activity of actomyosin increased with | 
increase of the mercurial (it became 12 times as high as that of | 
the control on the addition of 1 mole of the mercurial per 10°, 
of myosin A). The degree of activation by p-chloromercur. | 
benzoate was almost unchanged by the further addition of 10)! 
moles of cysteine per 10° g of myosin A in the range of amounts . 
of the preincubated mercurial from 0 to 1 mole/10° g of protein. 
To determine the degree of removal of preincubated mercurial 
by the addition of cysteine, the ATPase activity of myosin 4 
was measured in the presence of 0.6 mM KCl and 7 mm Ca*+ and 
at pH 7.6 and 22°. As is well known (19), the activity increased 
markedly with the increase of the amount of mercurial when it 
was lower than 4.5 moles/10° g of myosin A (in the presence oi 
4 moles of mercurial per 105 g of the protein the activity was 73 
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Fic. 4. Dependence of ATPase activity of actomyosin 0 
p-chloromercuribenzoate concentration. Experiments were pe 
formed at 0.075 m KCl, 2 mm Mgt*, 1 mm ATP. Myosin A No. 
28 was used; myosin A to F-actin = 2.5:1. ©, Control; @,’ 
hours after addition of 100 moles of cysteine per 105 g of myosin 
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times as great as that of the control), whereas after the further 
addition of 160 moles of cysteine per 10° g of myosin A the ac- 
tivity was completely independent of the amount of mercurial 
preincubated in the range of the amounts of mercurial from 0 
to 4.5 moles/10® g of myosin A. 


DISCUSSION 


In the previous paper (7) it has been demonstrated that 
myosin A contains 1 mole of Ca++ and 0.3 to 0.7 mole of Mg++ 
per 2.1 X 10° of the protein, and these divalent metals can be 
removed almost completely by the titration of the SH groups 
with p-chloromercuribenzoate. No difference was observed be- 
tween the mercurial-cysteine treated myosin A and the original 
one in such properties of their AT Pase activities as dependence on 
pHand activation by EDTA or mercurial. As described above, 
the 7.p/c and the s29,,,.at one concentration of myosin A were not 
changed by the mercuribenzoate-cysteine treatment. The 
mercuribenzoate-cysteine treated myosin A combined with F- 
actin, forming a typical actomyosin which was dissociated by 
the addition of ATP, just as the control actomyosin was (20). 
However, in the presence of 0.075 m KCl, a high concentration of 
ATP and a Mg++ concentration which was 1 mM greater than 
the ATP concentration actomyosin reconstituted from the 
mercuribenzoate-cysteine treated myosin A superprecipitated 
immediately after the addition of ATP, without showing the 
clearing response to ATP and the inhibition of its ATPase activ- 
ity by excess substrate, in contrast with the control actomyosin 
which showed the clearing response to ATP and the substrate 
inhibition. Furthermore, EDTA did not affect the colloidal 
state and the ATPase activity of actomyosin reconstituted from 
the mercuribenzoate-cysteine treated myosin A in the presence 
of MgATP?-; although as reported previously (8) it promoted 
markedly the inhibition of ATPase by excess substrate and the 
clearing response of the control actomyosin to ATP. 

The absence of the clearing response and of the substrate 
inhibition of ATPase of actomyosin reconstituted from the 
mercuribenzoate-cysteine treated myosin A is not due to the 
incomplete removal of the mercuribenzoate reversibly bound to 
the SH group of myosin A by the cysteine added, partly because 
the amount of SH group of the mercuribenzoate-treated myosin 
Ais recovered by the cysteine treatment (7), partly because the 
ATPase activity of the mercuribenzoate-cysteine-treated myosin 
A at 0.6 m KCl was independent of the amount of mercurial 
preincubated with myosin A, and partly because the degree of 
activation by the mercurial of the ATPase of actomyosin in the 
presence of 0.075 mM KCl and a high concentration of MgATP?- 
was almost unchanged by further addition of cysteine. The last 
result is easily explained by the irreversible destruction of the 
structure necessary to the substrate inhibition of ATPase by the 
addition of p-chloromercuribenzoate. However, these results 
can also be explained, if the amount of mercurial necessary to 
suppress the substrate inhibition is very minute (smaller than 
0.3 mole/10° g of myosin A); this mercurial binds to an un- 
specified group irreversibly, and it is not removed by cysteine, 
although this possibility seems to be rather improbable.°® 

Since it is generally recognized (21, 22) that the binding of Ca++ 
and Mg++ to amino acids is very weak, it may be suggested that 
special stereochemical structures in the myosin A molecule are 


*The substrate inhibition is also suppressed by salicyl-(y-hy- 
droxymercuri-8-methoxypropyl])amide-o-acetate (8). 
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required for the binding of these “intrinsic” divalent metal ions. 
As described above, myosin A did not regain the ability to bind 
divalent metal ions very strongly even after the treatment with 
cysteine to remove the mercurial, although the size and shape of 
myosin A was not significantly changed by the treatments with 
mercurial and cysteine. It has been demonstrated by Bozler 
(5) and by Watanabe and Sleator (6) that EDTA causes glycerol- 
treated muscle fibers to relax in the presence of MgATP?2-, and 
its relaxing action is completely suppressed by addition of a small 
amount of Ca**. Recently, we (8) have shown that the super- 
precipitation of actomyosin is inhibited by EDTA and the effect 
of EDTA is suppressed by Ca++. Furthermore, the amount of 
Mg** in myosin A fluctuates from one preparation to another, 
but the amount of Ca++ is kept constant (cf. Table I, Ref. (8)), 
being 1 mole/2.1 X 10° g of myosin A, 7.e. 1 mole/1 mole of the 
pyrophosphate binding site (23) and 1 mole of the subunit of 
myosin A in concentrated guanidine-HCl solution (24). There- 
fore, it may be reasonable to conclude that Cat+ tightly bound to 
myosin A is the binding site of the factors (EDTA and high con- 
centration of ATP) which solubilize actomyosin suspensions or 
relax glycerol-treated muscle fibers in the presence of MgATP?2-, 
although there still remain other possibilities described above. 


SUMMARY 


1. Divalent metal-free myosin A was prepared by treatments 
with p-chloromercuribenzoate and cysteine. The reduced 
viscosity and the sedimentation coefficient at one protein con- 
centration did not change significantly after this treatment. 

2. A typical actomyosin formation was observed by addition 
of F-actin to myosin A that had been treated with p-chloro- 
mercuribenzoate and cysteine. Relation between concentration 
of adenosine triphosphate (ATP) and degree of decrease in light 
scattering of actomyosin reconstituted from mercuribenzoate- 
cysteine treated myosin A was almost identical to that for con- 
trol actomyosin. 

3. In the presence of Mg++ and a low concentration of KCl, 
actomyosin reconstituted from mercuribenzoate-cysteine treated 
myosin A superprecipitated immediately after addition of a high 
concentration of ATP, without showing the clearing response to 
ATP; and its ATPase activity was not inhibited by excess sub- 
strate. 

4. At low KCl concentration and in the presence of Mg++ 
and ATP, ethylenediaminetetraacetate did not affect ATPase 
activity and the colloidal state of actomyosin reconstituted from 
mercuribenzoate-cysteine treated myosin A. 

5. Myosin A did not regain its ability to bind divalent metal 
ions very strongly, even after p-chloromercuribenzoate, which 
was added to release “intrinsic” divalent metals, was removed by 
cysteine. 
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Chemical modification of the reactive groups of enzymes was 
used in early protein studies as a means of identifying those 
groups on the enzyme surface which were responsible for enzyme 
action. Thus, Herriott and Northrop (1) were able to show 
loss of pepsin activity on iodination and Rapkine ef al. (2) im- 
plicated a sulfhydryl group in succinic dehydrogenase action. 
More recent work has correlated a loss of activity with modifi- 
cation of one or more types of amino acid residues in a number 
of different enzymes (for reviews, cf. references 3-6). However, 
the method has proved far less useful in practice than was 
originally indicated, for the following reasons. 

1. Practically no amino acid reagent is specific for a single 
type of residue; e.g. acetylation involves both amino and hy- 
droxyl groups, iodination alters both phenolic and sulfhydryl 
groups, photooxidation destroys histidine and tryptophan 
residues, etc. As a result, the modification of a protein with a 
particular amino acid reagent, with concomitant activity loss, 
does not, per se, establish whether a single type of residue or 
several types are responsible for the observed loss of activity. 

2. Groups in a protein do not have the same reactivity as the 
same groups in simple compounds. For example, many of the 
functional groups of proteins are “masked” and have much 
lower reactivities than their common organic analogues (7, 8). 
Other enzymatic groups show a far greater reactivity than such 
analogues, e.g. the serine in chymotrypsin (9), whereas still 
others show an anomalous variation in reactivity with changes 
in reaction conditions, e.g. methionine residues in ribonuclease 
(10). These considerations make the predictability of any 
amino acid reagent even less certain. 

3. When loss of enzyme reactivity occurs during chemical 
nodification, e.g. during acetylation, the number of such groups 
contributing to this activity loss is not established. Thus, if 
there are 10 amino groups in the protein, the simple observation 
that activity is lost on acetylation does not determine whether 
one, two, or more of these groups are involved even if the reagent 
is specific. 

Because of these difficulties, the technique of labeling a single 
residue and separating the modified enzyme has emerged as the 
most reliable technique for identifying a residue with enzyme 
action (9-12). This technique, however, may be very time- 
consuming, even in the case of low molecular weight enzymes 
and will, of course, be of maximal utility in those enzymes of 
which the sequence has been determined. 


* Supported in part by a grant from the National Science Foun- 
dation and in part under the auspices of the United States Atomic 
Energy Commission. 


In many cases, significant conclusions might be reached with 
regard to the intimate details of enzymatic catalysis simply 
through knowledge of the types and numbers of amino acid 
residues involved. Moreover, this type of information could 
lead to a more rational approach to the covalent labeling of the 
active sites of enzymes. In view of this, a kinetic method is 
proposed to allow the identification of the types of groups and 
the numbers of each type involved in the enzymatic action. 

Although the method was simple in theory, its feasibility 
could not be readily predicted. Since it depended on the deter- 
mination of rate constants for modification of amino acid resi- 
dues, it seemed quite possible that the number of rate constants 
involved would be so great that the details of the kinetic picture 
would be obscured. Initial experiments were favorable (13), 
however, and more extensive application has revealed that the 
method is feasible at least in some cases.1_ Accordingly, this first 
paper will consider only the general aspects and theory of the 
method. In subsequent papers, its application to a number of 
different enzymes will be described. It should be mentioned, 
however, that the method is not limited to a particular reagent 
or even to enzymes. Since activity? is correlated with modifi- 
cation of amino acid residues, the method is in theory applicable 
to any protein the biological activity of which can be measured 
quantitatively, e.g. hormones and antibodies. 

Moreover, an analysis carried out with several amino acid 
reagents of different specificity can, in theory at least, lead to 
the identification of each of the reactive groups involved in 
enzyme catalysis. 


EXPERIMENTAL PROCEDURE 


Typical steps in the proposed procedure are as follows. 

1. An enzyme is treated with an amino acid reagent under 
carefully controlled conditions. For reasons which will be 
clarified later, it is not essential that the reagent react with only 
a single type of residue, but for practical purposes the number of 
types affected should be reasonably small. To simplify the 


1 Preliminary accounts of some of these results have been pub- 
lished (14, 15). 

2 Activity is used here to denote loss in a measured quantity. 
Clearly, care must be taken in an individual case to determine 
precisely the particular property being affected, e.g. Michaelis 
constant, turnover number, hapten binding, etc. For example, a 
modification which affected both the maximal velocity and the 
Michaelis constant of an enzyme might give misleading kinetics 
unless assays were properly designed. Also it is essential that 
artifacts in the assay be eliminated, e.g. the removal of excess 
reagent by dialysis if it is inhibitory in the assay system. 
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kinetics it is desirable that the reagent concentration remains 
constant during the reaction. This can often be accomplished 
by using the reagent in large excess. 

2. At appropriate time intervals, aliquots are removed and 
loss of enzyme activity is determined as a function of reaction 
time. ‘The aliquots are also analyzed for the amino acid residues 
affected by the reagent. Such assays can be accomplished either 
by direct reaction with the intact protein, e.g. by spectrophoto- 
metric determination of sulfhydryl groups with p-chloromercuri- 
benzoate (15), or by degradation of the protein and determina- 
tion of individual amino acid residues or their derivatives by 
ion exchange chromatography. The degradation conditions 
must not, of course, regenerate the intact amino acid; e.g. acid 
hydrolysis could not be used if acetylation of the protein is the 
modification under investigation. 

3. Rate constants for loss of enzyme activity and for modifi- 
cation of each reacting amino acid residue are calculated. 

4. Correlation of rate constants from such data with theoreti- 
cal models allows an identification of both the types and num- 
bers of residues involved in enzyme action. It is to be noted 
that this correlation is obtained from constants derived from 
analysis of the protein itself and not by deduction based on reac- 
tion of free amino acids in solution. This is essential since the 
reactivity of the residue in the protein may be quite different 
from that of the amino acid in solution. Also, it is quite rea- 
sonable that the reactivity of a given type of residue might de- 
pend considerably on its situation in the protein. 


Rationale of Method 


Let us suppose that a protein molecule contains two residues 
of the same type, e.g. two histidyl residues, and that these are 
equally reactive with respect to the amino acid reagent used 


O-) B-—O 
! 2 | 2 1 2 | 2 
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Fig. 1. Molecular species of enzyme when 50% of two equally 


reactive residues has been modified. Blank and cross-hatched 
circles represent intact and modified residues, respectively. 
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Fig. 2. Kinetics of activity loss for Case I. ——, fractions of 
residues 21, Y2, 3, and 2, remaining after indicated times; — —-— -, 
activity loss. Prima facie evidence for the involvement of resi- 
dues z, and 22 is indicated by the fact that ky + ko = ky. 


C iaracterizing Groups Involved in Enzyme Action 


If the reaction is allowed to proceed until 50% of the histidine 
in the protein has been modified, the actual composition and 
proportion of the molecular species in solution will be as repre. 
sented in Fig. 1. One-fourth of the molecules will be unchanged, 
one-fourth will have only residue 1 modified, one-fourth will 
have only residue 2 modified, and one-fourth will have both 
modified. 

The composite activity of this partially modified enzyme 
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mixture will depend on the roles in enzyme action of these two | 


residues. 

1. If modification of residue 1 eliminates enzyme activity but 
modification of residue 2 has no effect, molecules of types E and 
E: will be active and types E; and E;,2 inactive. Hence, 50% 
loss of enzyme activity will be observed. 

2. If modification of either residue destroys enzyme activity, 
only molecules of type E will be active. 
enzyme activity will be observed. 


3. If one residue can substitute for the other, 7.e. if both resi. 


dues must be modified before loss of activity is observed, types 
E, E,, and Ez will be active and only 25% loss of activity wil 
be observed. 

Obviously other alternatives are possible, but these will be 
treated in the more generalized derivations shown below. The 
above merely illustrates that a quantitative correlation between 
loss of activity and residue modification can give far more infor. 


mation than the qualitative observation that loss of activity | 


occurs when an enzyme is treated with a particular reagent. 


Basic Models for Activity Destruction 


In the following sections, equations for activity loss during 
chemical modification will be derived and applied to four basic 
cases. 

Case I. 
dues—If a protein is composed of reactive residues 21, 22,...2; 
and all of these residues are modified in first order reactions 
described by the rate constants ky, ke,...k», respectively, the 
fractions (21) /(x1)o, (x2) /(x2)o,.- -(%n)/(@n)o remaining at time! 
will be given by the expressions of Equation 1, where the sub- 
script zero refers to the amount of the residue in the native 
protein. If some of these amino acids are essential 

(2) 





=e. (rn) 


eo = —kyt ] 
‘ (rn)o a 


3 (22) 
efit :—— 
(x1)0 (x2)o 


to enzyme activity in the sense that their modification produces 
inactive enzyme, the relative enzyme activity remaining at any 


time will be given by the probability of finding a protein mole: | 
If the essen- | 


cule in which all the essential residues are intact. 
tial residues are xi, 2: 41,..-2i 4 ;, the time dependence of ac- 
tivity during the reaction will be given by Equation 2. Thus, 
the activity destruction constant, k4, will equal the 


(A) - 


— pat 
(A)o 


= [e—*it] feat!) ... [eFatint] (2) 


sum of the modification constants, ki, ki + 1,...ki 4 ;, of those 
residues essential to the measured enzyme activity. 

An illustrative calculation of this case is shown in Fig. 2 
Here k4 (1.02) is equal to the sum of the constants for residues 


az, (ky = 0.65) and 22 (ke = 0.37) which constitutes prima facie 
evidence that modification of either of these two residues de- | 


stroys enzyme activity. The participation in activity loss 0 


Hence, 75% loss of 
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ne any residue such as 24 which is modified at a rate (k; = 2.7) affected by the modification of a nonessential residue, the situa- 
nd greater than k4 can automatically be excluded. If the assays — tion shown in Equation 5 
re. are very accurate, x3 (ks = 0.07) could also be excluded because E “" E k! E 
4. | its modification constant is too small to replace k, or kz and its ( sg : a ge (5) 
’ ah ; active) (active) (inactive) 
ill addition to these two would require a k, of 1.09. Clearly no 
‘th | information is obtained on those residues which are inert (k = 0). may occur. In this case, it is assumed that the modification of 
Case II. An “Either/Or’” Contribution by Two Different Resi- residue x; does not affect enzyme activity, but does affect the 
me | dwes—As before, let us suppose that the enzyme is composed of protein molecule so that the previously unreactive residue, 22, 
wo | amino acid residues, 2, 2, etc., but in this case there are two which is essential, becomes susceptible to attack. The mathe- 
| yesidues involved in catalysis which can act ina complementary matics in this case is given by Equation 6 and an illustrative 
but | manner. Thus modification of either one or the other of these calculation is shown in Fig. 4. The general form of this curve is 
and will not diminish enzyme activity but modification of both will A K ki ; 
0% | be sufficient to eliminate all activity. 7 (5 SY ent (-*;) en*3t (6) 
This is shown schematically in the mechanism of Equation 3 - fia _ 
ity, | in which Z denotes the enzyme in which amino acid x, has been similar to Case II (“either/or” kinetics) and for certain values 
sof | modified, Z, in which amino acid z2 has been modified, and of %, and k. would become identical in form to Equation 4. 
E,2 the enzyme in which both have been modified. In this  pjifferent residue constants would be required for such an iden- 
esi: | case the fraction of the enzyme activity remaining at tity, however. Another difference lies in the fact that both 
pes E, residues are modified in a first order fashion for Case II. In 
will Z (active) \ the present case, however, only residue 2; is modified in this 
ki / \ ke way, residue x2 having a time dependence given by Equation 6 
I be \ in which A/Ao is replaced by (z2)/(z2)o. Correlation of residue 
The E E,,2 3) 
veel (active) (inactive) 
nfor- } ae — eon sce ; , : 7 , 
ae ke k 0.80 + “* 4 
Ivity f NOB - N ti, 7 
(active) Ps | my 7 
= Zz . ol 
time t will be equal to (EH + EF, + E,)/Eo, and the time course z aso + Ss ACTIVITY : 
uring | of activity destruction will be given by Equation 4. fe e, 
basi (A) gta git ght (4) z _ 
} (A)o - k, 70.37 ‘ 
Resi- q 0.20 F . . 7 
_a,| The plot of activity against time on semilog paper will not = i, 
tions | be linear in this case, but will describe a curve whose slope equals k=0.65 ~sa. 
- the | zero at t = O, increases in a negative sense with time, and ap- Mi 
st, proaches a constant value of —k, as t becomes large® (if k, < want ’ ' 1 . P eg al 
. sub- | &). If such an inactivation curve is realized (a calculated i 2 3 4 5 6 7 
rative | Curve is shown in Fig. 3) the reaction must be carried out for a REACT VES 
sufficient length of time to allow evaluation of ki (the final Fic. 3. Kinetics of activity loss for Case II. ----, activity 
slope). With the use of the value of k; so obtained, kz may be loss calculated from Equation 4 with values ki = 0.65 and kz = 
i) | determined from Equation 4. 
It seems improbable that such an “either/or” effect would be 
vo operative at the active site of an enzyme. However, it is at 10 «= ‘ . : : ' 
_| least conceivable that such an effect might be observed in the os L tg 
lees tertiary structure of the molecule. Thus, the substitution of ee iy 7 
mole- 5 ; ae ee 
one bulky group at a point on the enzyme might not significantly 6 O6 + is E 
a damage its structural framework, whereas introduction of two = LL Mike f, 
Thus, such groups might lead to alteration of molecular structure with ¢ a | S. ACTIVITY | 
concomitant loss of enzymatic activity. The difference in the © ie. 
kinetics observed in the present case from that of Case I not - L a” J 
2) only indicates that these two cases may be distinguished, but e “he 
~ | also that an “either/or” involvement of these residues in en- 2 ™ 
zyme action can be excluded if kinetics of the type of Case I "TT sana ee 7 
T those § is observed. k = 0.65 ~" 
CaseIII. Progressive Denaturation—If the rate of modification 
Fig- 2) of an amino acid residue which is essential for activity can be 
esidues 0.1 e. i l ! ¥ 
ra facie * Equation 4 represents a curve with an inflection, although this ' - 3 4 5 6 ? 
res de scarcely noticeable with most values of k; and ke, and probably _ Pa REACTION TIME 
iste would escape notice in most inactivations unless exceedingly Fic. 4. Kinetics of activity loss for Case III. ----, activity 
accurate data were available. remaining calculated from Equation 6 with k; = 0.65 and kz = 0.37. 
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| a | a | | | | | | Z (active) ad the 
05 eal ky \k 
/ . Ay 
Fan) E E,,2 (7 Ao 
rd 0.2 (a)= A/Ay al (active) (inactive) y 
= 
2 e 
iw OnE ad ke\. J ks curve ¢ 
: \ E 7 various 
= 0.05 }— ez (inactive) bly be 
4 P method 
Pra A/Ro-F or after (at a rate ke’) x, has been modified. Here ke and i, i 
” 002 (b)>——— _| are different because of changes in enzyme conformation o oa 
4 chemical environment of x2 when 2 is modified. Alt - 
ool ad Modification of x; can either increase or decrease the rate of distinct 
modification of x2, and hence either increase or decrease the time (1 
0.005 ee ee 2 ee ee ee = a rate of activity loss even though it is not itself directly involved tag 
o ' 2 3 4 5 6 7 8 9 0 Wt 12 jn the enzyme action. The mathematical derivation which | *??. he 
TIME treats these possibilities is given in the “Appendix.” the a 
Fia. 5. Kinetics of activity loss for Case IV. Activity remain- Case IV. Partially Active Enzyme Species—In the three previ. on the ¢ 
ing calculated from the Equation A/Ao = (1 — Fi) e*' + Fi; ous cases the modified enzyme was assumed to be either com. of the | 
Curve (a), ki = 0.65, Fi = 0.078; Curve (6), sn against pletely active or totally inactive. However, modification of a tl 
iti tidal atin 1- Fi amino acid residues might very well only change enzymatic ac. tot oth. 
F titivy as illustrated in Equation 8. Here it a 
two alt 
zs 2 E, )} tion to 
| .O ' Uy ' Ly ' ' T ' i ' T qT T (8) 
0.8 a A=1 A=F, when ca 
0.6 "I is assumed that the modified enzyme, Fi, is partially active! and * - 7 
4 : A Ss stig er Be 
i that its fractional activity compared to the original activity is 
0.4 ; : eed served ] 
| F,. In such a case, a semilog plot of A/Ao against ¢ would de. Macau 
scribe a curve approaching F, at large values of t,5 whereas a 
0.2 a —_ (A/Ao) — Fi : . i _— 
similar plot of ae against t would be linear with a slope} contains 
- Fi ie tion con 
0.1 at equal to —k, as indicated in Fig. 5. jie te 
© 0,08 k 4 A more complex form of this case is given in the following d 
- 4 : : 5 , ®| pseudo | 
Z 0,06 Ei mechanism (Equation 9). The assignment of constants is ete. M 
< “| 4 , 
analogous to that above. 
= 0.04 4 8 i = 7 
« : a1 ype rea 
2 J(A = FN lot 
2 hy / \ i li 
6 0.02 4 ya . reaction 
= 4 : dividual 
= EB E,,2 (9) : 
0.01 + (A = 1) (A = F;) over-all 
0.008 4 The Z If the 
0.006 d \ ke ki / ent reac’ 
4 > describe 
0.004 4 (A = F.) individu: 
r 7 : = ; ae ; | in Fig. 7 
INITIAL. SLOPE The observed activity as a function of time in this case i 
4 , F : : - Exam} 
0.002 F _ kth F,k, given by Equation 10. <A semilog plot of this equation will ex the follo 
4 The present discussion treats the partially active enzyme aif 1. Wh 
0.001 ficcsilicacanl Bcd species in which modification has decreased Vmax. It is quite residue t 
O 2 4 6 8 10 12 14 possible, however, that chemical modification would decrease the oth f 
REACTION TIME apparent activity by increasing the Michaelis constant (Km), and ers Cé 
Fic. 6. Kinetics of activity loss for Case IV. ----, activity these two possibilities must be resolved by further experiments very prec 


calculated from Equation 10 in which F; = 0.078, F2 = F; = 0, °%9: determining Vinax and Km at several stages of the modification. +3 b 
ky = 0.65, and ke = 0.37. 5 A change in conditions during the course of enzyme modifics- ‘ 0 
; tion or heterogeneity in the enzyme under investigation, i.e. te} ’< F; * 
‘ ‘ : aie Bt ass presence of two enzymes or enzyme forms giving positive result} %to be i 
modification with activity loss could, therefore, distinguish jn the assay, might give rise to an activity loss the course of which} 4m of e 
between these two alternatives. is similar to that described by Equation 9 (Fig. 5). A first orderf_ ™Spectiv 

In the above example, it is assumed that residue zz becomes ate with a standard compound in the presence of the enzym, te 
accessible only after residue x, is modified. A more probable °-9- histidine loss on photooxidation in presence of enzyme, coudg Sit Ps | 


ale: : , i eliminate the former, whereas an “all or none” type assay | Yould be 
example is given by the mechanism of Equation 7. In this case, japoled enzyme (see reference (14)) might be used in some cast fore, be t 


modification of residue x2, may occur either before (at rate ke) to eliminate the latter possibility. due prod 
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hibit characteristics somewhere between those of a straight line® 
and the flattened 


3 = Fy + (1 — Fi — Fo + Fs)e~*1t42)# 
” (10) 
+ (F, — Fs)e~** + (F. — Fy)e*" 


curve of Equation 8 (Fig. 5) depending on the values of the 
yarious constants. Evaluation of these constants will proba- 
bly be feasible only when F; = Fs; = 0. Fig. 6 indicates a 
method of graphical analysis applied to an activity destruction 
plot in which F; = 0.078 and F, = F; = 0. 

Although the shape of the activity plot for Case I is rather 
distinctive, 7.e. linear, a curve the slope of which increases with 
time (in a negative sense) might apply to either Case II or III, 
whereas a curve of which the slope decreases with time might 
apply to Case III or IV. Graphical analysis of the plot with 
the initial slope and/or the final slope together with its intercept 
on the ordinate should give rough values of the various constants 
of the model equations (see Fig. 5). Plots of such equations 
using these preliminary constants with subsequent comparison 
to the plot of the observed data may rule out all but one model 
in many cases. If ambiguity still persists, a decision between 
two alternatives can frequently be made by following inactiva- 
tion to longer reaction times. Thus, models indistinguishable 
when carried out to 75% activity loss may often be distinguished 
at 95% activity loss. After identifying the most likely model, 
a trial and error fitting of the appropriate equation to the ob- 
served plot can be carried out for more accurate evaluation of 
the pertinent constants. 

Determination of Individual Residue Constants—If an enzyme 
contains only one residue of a given type, evaluation of its reac- 
tion constant with a particular reagent is relatively simple if 
care is taken to maintain conditions suitable for observing 
pseudo first order kinetics; ¢.e. constant reagent concentration, 
etc. Most enzymes, of course, contain several residues of each 
type. This will cause no difficulty if each residue of a particular 
type reacts with the reagent at the same rate. In such a case, 
a plot of the fraction of that type remaining as a function of 
reaction time should be linear (on a semilog plot) and the in- 
dividual residue constants should each be equal to the observed 
over-all reaction constant. 

If the residues of a particular type are divided into two differ- 
ent reactivity groups, t.e. if two rate constants are required to 
describe the composite reactivity of all residues of that type, 
individual residue constants may be determined as illustrated 
in Fig. 7. 

Examples of the above cases have been observed (14, 15), but 
the following complications must also be considered. 

1. When a large number of residues are involved, a single 
residue the reaction constant of which is quite different from the 
others can easily be missed unless the analytical methods are 
very precise. Clearly there is an interrelationship here between 


‘If both F; and F2 are > 0, it would seem most probable that 
0<F; < F,-Fe. It might be possible, however, for residues x; and 
% to be involved in enzyme action in such a fashion that modifica- 
tion of either residue individually reduces activity to F; or Fo, 
respectively, whereas modification of both would entirely elimi- 
tate activity, 7.e.Fs;=0. Ifsuch were the case and if in addition 
F,\+ Fe = 1.0 and k; = ke, activity destruction on a semilog plot 
would be linear with a rate constant equal to ki. It would, there- 
fore, be the same as expected if modification of only a single resi- 
due produced totally inactive enzyme at rate = ki. 
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Fie. 7. Composite modification of 13 residues of the same type 
present in a protein as two groups, 7 of which react at the same 
rate (k = 0.65) and 6 of which react at a different rate (k = 0.048). 
The final slope gives the latter rate constant and subtraction of the 
values along the extrapolated slope from the observed values 
gives the former constant. The intercepts of 7, and ;°, give the 
numbers of residues in the respective groups. 


number of residues, the nature of the semilog plot, and the 
precision of analysis. 

2. The residue modification curve when several residues of a 
given type are involved might be so complex that determination 
of the individual residue constants would be impossible. This 
might well be the case if three or more reactivities are observed 
in a single residue type or if complex types of “progressive de- 
naturation” are observed. A complex residue modification 
curve might, for example, be fitted by a number of combinations 
of rate constants, in which case assignment of constants to 
individual residues would be dubious. 

The detailed techniques and limitations of assigment of resi- 
due constants will be discussed in subsequent papers but, in 
general, use of one or more of the following procedures may 
minimize such complications. (a) Appearance of modified 
residue as well as disappearance of intact residue might be fol- 
lowed. This would be particularly effective in the case of a 
single fast-reacting residue in an enzyme containing a large 
number of unreactive residues of the same type. (b) Assay 
refinements will allow a distinction to be made between cases 
which would be indistinguishable at lower levels of accuracy. 
(c) Following the modification reaction for longer times will 
increase the discrimination of the method. 

Although it seems certain that for practical purposes some 
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cases will be too complex to analyze, experience has also shown 
that some cases can be resolved. Which will be the case for a 
particular protein with a given amino acid reagent must be de- 
termined by experiment. 


DISCUSSION 


With any method which has not been extensively tested, 
caution must be exercised in the prediction of those areas in 
which application will be simple as opposed to those areas in 
which complications may be expected. Nevertheless, the ex- 
perience gained with three enzymes (phosphoglucomutase, chy- 
motrypsin, and f#-amylase) and the preceding theoretical 
considerations allow some evaluation of the advantages and 
limitations of the kinetic approach. These are as follows. 

1. The relative decrease’ in amino acid content must be deter- 
mined to within a few per cent. The course of many amino 
acid modifications can be followed with the automatic amino 
acid analyzer of Spackman, Stein, and Moore (17) after either 
acidic or basic hydrolyses of time aliquots. Some residues, 
such as sulfhydryl groups, must be determined by direct assay 
of the protein. Moreover, use of a special assay may be re- 
quired in some cases, because the importance of the residue and 
its relative abundance in the protein may demand particularly 
accurate assays. Finally, some reagents, e.g. acetylating agents, 
would obviously require approaches other than acidic or basic 
hydrolyses. However, the automatic amino acid analyzer 
allows rapid determination of most of the reactive residues with 
high accuracy and speed, thus eliminating the most laborious 
feature of the method. 

2. Activity must be assayed with high precision if maximal 
advantage of the method is to be obtained. In some cases, 
existing methods are adequate; in others, additional experimen- 
tation to insure an accurate assay will be necessary. : 

A procedure which has been useful in the cases in which en- 
zyme activity must be followed to almost complete inactivation 
(14, 15) involves a variable dilution technique. Each successive 
aliquot taken during enzyme modification is diluted to a differ- 
ent extent, by trial and error, until the enzymatic assay indi- 
cates the same activity (+5%) in units per ml for each diluted 
aliquot. This means using progressively larger amounts of 
enzyme as modification of enzyme activity progresses, but is 
actually not excessively tedious since the general trend of en- 
zyme activity may often be readily apparent early in the reac- 
tion. Maintaining the assay reaction’ between 0.95 and 1.05 
of a fixed value also eliminates complexities due to product 
inhibition, lack of linearity in the assay, etc. The burden of 
the assay is then placed primarily on the dilution which can, 
with relatively simple care, be made very accurate. 

3. The method does not require an amino acid reagent of 
high specificity. This is clearly an advantage since few such 
reagents have been discovered. In a fortuitous set of circum- 
stances a rather nonspecific reagent might actually be advan- 
tageous; z.e. if several types of residues gave constants which 
clearly eliminated them from consideration, much information 
would be obtained from one experiment. In general, however, 
a reasonably narrow specificity would probably lead to a simpler 
activity modification plot and fewer combinations of amino 


7 It is possible to implicate the involvement of a residue in en- 
zyme action even if the absolute number of residues is only ap- 
proximately known, provided the relative decrease with time can 
be accurately determined. 
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acid rate constants which are capable of accounting for it, 


Since the actual amino acid residues modified are followed in 
each case, absolute or predictable specificity is not required, 
although care must be taken to examine each type of residue | 
present. If the enzyme is susceptible only to reagents of broad | 
specificity, then reaction with several different reagents may be 
necessary before identification of essential residues is certain. 

4. The possibility that general denaturation, e.g. due to pH 
or temperature, occurs during reaction with the amino acid 
reagent must be eliminated. This can usually be achieved with 
appropriate controls. It must be recognized, however, that 
some proteins are unstable under the conditions necessary for 
speedy reaction of some of the amino acid reagents, e.g. the 
alkaline pH of the usual fluorodinitrobenzene reaction, and this 
will impose a limitation on the available reagents for that pro- | 
tein. Also, aliquots removed from the reaction mixture should 
be allowed to stand for varying intervals before assay to insure 
that a general denaturation is not occurring after the reaction | 
has been quenched. 

5. The presence of many residues of a given type may intro. | 
duce major complexities in the method. Thus the reaction of a 
single residue can be obscured in the presence of many other 
residues of the same type reacting at a different rate. This 
might lead to the erroneous evaluation of the role of one or more | 
residues. Also more than one model may be compatible with 
the data, in which case additional experimentation with other 
reagents would be required. By far the most serious limitation | 
of the method, however, appears to be the possibility that in 
many cases the kinetic analysis will be too complex to be re- 
solved in an unambiguous manner. As a rule of thumb, it 
would seem desirable first to make a careful activity-time plot 
with the reagent under study. If this is complex, it would 
probably be advantageous to select other reagents or conditions 
before attempting the more tedious determination of the various 
residues involved. 

6. The kinetic approach allows a determination of the num- 
bers as well as the types of amino acid residues involved in the 
inactivation reaction. The former qualitative procedures, on 
the other hand, even with a completely specific reagent, would | 
reveal only that modification of a certain type of residue is asso- 
ciated with activity loss, and whether one, two, or all of the | 
susceptible residues were involved could, in most cases, not be 
determined. 

It is also encouraging to note that the kinetics of inactivation 
may indicate not only that one definite residue of a number of | 
residues, e.g. one particular histidine of the seven reactive histi- | 
dines of phosphoglucomutase (12), is required, but also that | 
modification of the other six has no apparent effect on enzyme 
activity, a fact which should be of increasing value as the se- 
quence studies advance. The same argument holds, of course, 
for the other types of residues the modifications of which appar- | 
ently have no influence on the enzyme action. 

7. In addition to the possibility of identifying those types of 
groups which are involved in enzyme action, the method may | 
also serve as a forerunner for the labeling of the important se 
quences of the protein chain utilized in enzyme action. A 
single amino acid reacting rapidly would indicate one type of 
approach, e.g. that used by Balls (9), Gundlach, Stein, and | 
Moore (10), Barnard and Stein (11), and Hirs (12). Another | 
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amino acid which reacts only slowly and which can readily be | 
protected by substrate would necessitate a covalent labeling 
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technique such as that used by M. E. Koshland et al. (18). As 
additional specific amino acid reagents are developed the method 
should extend its usefulness, since in theory, at least, it should 
be possible to identify all the essential amino acids with reac- 
tive residues. 

8. The present kinetic method suffers a limitation common 
to all types of investigations which depend on the effect of 
reagents on the reaction by which one measures enzyme activity; 
i.e. it provides information only on what the modification does 
to enzyme activity. Thus, evidence that carboxymethylation 
of a single sulfhydryl group destroys enzyme activity does not, 
per se, establish that the sulfhydryl group has any role in enzyme 
action. It might only be near the active site in such a position 
that attachment of a bulky substituent would inhibit enzyme 
action. On the other hand, it might involve only a disruption 
of the tertiary structure at a great distance from the active 
site. Use of different reagents, studies on binding constants, 
maximal velocities, etc., will be needed to supplement the in- 
formation obtained from such analyses. 

9. The scope of the method is not limited to enzymes. Hor- 
mones and antibodies, for example, should be amenable to simi- 
lar investigation. Application to other proteins of biological 
interest may, however, be limited mainly by the lack of a quan- 
titative assay for the property affected, since an inaccurate 
assay would probably make a kinetic analysis of this type mean- 
ingless. It should, however, be applicable in an increasing 
number of cases as these proteins are purified and their assays 
refined. 


SUMMARY 


A method has been developed to correlate change in enzyme 
activity with modification of amino acid residues. The method 
involves (a) reaction of the protein with an amino acid reagent, 
‘b) analysis of aliquots to determine modification of amino acid 
residues and activity loss, and (c) correlation of reaction con- 
stants for the individual amino acid residues with the rate con- 
stant(s) for activity loss. The method has the advantages that 
it may be more rapid than comparable sequence studies; it may 
establish the number as well as serve to identify the types of 
residues involved; it does not require a highly specific amino 
acid reagent; and it may identify residues the modification of 
which does not affect enzyme action. The limitations of the 
method are that the kinetics of activity loss and of residue modi- 
fication may not always be sufficiently simple to be resolved in a 
unique manner, that the analyses must be very accurate, and 
that conditions for reaction must be chosen to avoid general 
denaturation due to pH, temperature, etc. The method is in 
principle applicable to any protein the biological activity of 
which can be assayed accurately, and hence it may be useful in 
studies on hormones and antibodies as well as on enzymes. 


APPENDIX 


A solution to a general inactivation scheme shown in Equation 
11 can be obtained as indicated below. Here it is assumed that 
species EZ, has 

ky 


B-————__> E, 


I. bs 
ae 


Bigot Bug 


(11) 
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fractional activity F,, species E>, fractional activity F., and that 
E, 2 has fractional activity F;. The solution for activity in this 
case is: 


A 
= Fe t+ = Fhe Or 


Ao 
k(F, — F 
rs ae (e~(erthadt _ 9—kst) (12) 
ko(Fe = F;) (ky+ke)t k. 
cnitiawinaee jo — ort) 
+k” . 


This general case would undoubtedly be too complex to resolve 
experimentally, but it is included here as an aid in deriving the 
equations for simpler cases. For example, in the particular 
case of progressive denaturation in which k; ~ ke, F; = 1.0, 
F, = 0, the expression becomes: 


A (ks — ke) e—Ertha)t - kye—*3t 
_ << th he (13) 





This would be applicable both to cases in which modification of 
one residue sensitizes another to the reagent (k; > ks) and to 
those in which it protects it (k3 < ke). 
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The existence of two forms of malic dehydrogenase located in 
different cellular fractions and possessing dissimilar kinetic 
properties was first shown by Delbriick et al. (1, 2); further distinct 
characteristics have been demonstrated by the most recent re- 
ports (3-6). The presence of more than one form of enzyme 
within the cell raises the question as to the metabolic, genetic, or 
other significance of such differentiation. The present investi- 
gation was undertaken in order to learn more about the nature of 
these enzyme forms which have been partially purified from beef 
heart. 


EXPERIMENTAL PROCEDURE 


Materials 


DPNH, DPN, TPN, the 3-acetylpyridine analogue of DPN, 
and the desamino analogue of DPN were obtained from the Pabst 
Brewing Company. Oxaloacetic and u-malic acids were ob- 
tained from the California Corporation for Biochemical Research. 
Potato starch from E. H. Sargent and Company was washed with 
0.05 m sodium hydroxide before equilibration with the citrate 
buffer used in the zone electrophoresis. 


Methods 


The malic dehydrogenase standard assay system contained 
the following final concentrations in a 1l-cm quartz cuvette: 
1.7 X 10-4 m DPN, 0.11 m sodium malate, and 0.10 m EDTA,! 
pH 10. The initial optical density increase at 340 my was 
measured (linear increase with time). Enzyme activity was 
expressed in zmoles of DPNH formed per second, calculated by 
the use of the DPNH molar extinction coefficient of 6.22 x 108 
(7). Specific activity was expressed in umoles of DPNH formed 
per second per mg of protein. Protein was determined by optical 
density at 280 my, and during purification it was approximated 
by assuming that 1 mg of protein per ml (0.1% solution) in a 
1-em light path yields an optical density of 1.0. All assay and 
kinetic measurements were made with a Zeiss PMQ-II spectro- 
photometer with a constant-temperature circulating bath at 25°. 

Moving boundary electrophoresis and free diffusion were 
performed in a Spinco model H apparatus with the temperature 
maintained at 0.9°. The diffusion coefficient was determined 
by the maximal height-area method. 


* Presented in part at the 138th national meeting of the Ameri- 
can Chemical Society, September 12, 1960, New York. 

ft Operated by Union Carbide and Carbon Corporation for the 
United States Atomic Energy Commission. 

1The abbreviation used is: EDTA, sodium ethylenediamine- 
tetraacetate. 


A Spinco model E ultracentrifuge equipped with a phase plate 
was used for the sedimentation studies. Distances on the plates 
were measured with a microcomparator and density and viscosity 
values for the buffer were obtained from the tables of Svedberg 
and Pedersen (8). 

Freund’s adjuvant was used in the subcutaneous injections of 
the enzymes in the toe pads, inguinal, and axillary regions of 
rabbits in order to stimulate formation of the antibodies, 
Booster shots were administered a month after the original 
injections, and each rabbit received from all the injections a total 
of about 20 mg of either enzyme. The rabbits were bled from 
the ear vein 8 weeks after the first series of injections; the blood 
was allowed to clot overnight and was centrifuged. The de- 
canted sera were stored at 4°. 


Purification of Enzymes 


Unless otherwise noted, all steps were performed at 4°. 

Step 1. Preparation and Extraction of Acetone Powder—Fresh, 
ice-chilled beef heart ventricles, with most of the fat and con- 
nective tissue removed, were weighed, chopped into chunks, 
and run through a mechanical meat grinder. About 5.5 kg of 
ground heart muscle were treated with 16.5 liters of 90% ace- 
tone-10% 0.02 m sodium citrate, pH 6.25, the suspension stirred 
for 30 minutes, and the residue collected by squeezing through 
cheesecloth. Similarly, the residue was further dehydrated by 
two treatments with 11 liters of absolute acetone and dried ina 
vacuum at room temperature. The dried residue, about 1 kg, 
was ground with mortar and pestle to a fine powder and stored in 
a vacuum at 4°. 
purified in 200-g batches. Each 200-g batch was stirred for 30 
minutes with 2 liters of 0.02 m sodium citrate, pH 6.25, and the 
extract collected by squeezing through cheesecloth. The residue 
was reextracted with an additional liter of buffer and the two 
extracts were combined. 

Step 2. Ammonium Sulfate Fractionation—The extract was 
brought to 50% saturation by addition of 313 g of ammonium 
sulfate per liter, allowed to settle overnight, and centrifuged at 
20,000 x g for 45 minutes. The precipitate was discarded and 
the supernatant was brought to 80% saturation by the addition 
of 214 g of ammonium sulfate per liter. The solution was 


allowed to stand several hours (or overnight) and centrifuged 
The precipitate was collected, dissolved in about | 


as before. 
200 ml of 0.02 m sodium citrate, pH 6.25, and dialyzed overnight 
against this buffer. Any insoluble material present after dialysis 
was removed by centrifugation. 

Step 3. Ethanol Fractionation—The dialyzed extract was 
brought to 45% ethanol concentration (volume for volume) by 
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The powder was extracted and the preparation | 
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the dropwise addition of the ethanol as the temperature de- 
creased from 0° to —10°. The solution was stirred for another 
hour, and centrifuged at —10° for 30 minutes at 1500 x 4g. 
The precipitate was discarded and at —10° the supernatant 
solution was brought to 65% ethanol. The solution was stirred 
an hour after the addition of the ethanol, and was centrifuged as 
before. The precipitate was dissolved at 0° in approximately 
50 ml of 0.02 m sodium citrate, pH 6.25, and dialyzed overnight 
against this buffer. As in Step 2, any insoluble material present 
after dialysis was removed. 

Step 4. lon Exchange Chromatography—Amberlite XE-64 
(Rohm and Haas Company, Philadelphia) was bleached with 
5% sodium hypochlorite, washed with 1 mM sodium hydroxide and 
demineralized water, and the 150 to 200 mesh range material 
collected. The resin was equilibrated with 0.02 M sodium citrate, 
pH 6.25, first by batch, then in a 3-cm diameter column. About 
1 ml of settled resin was used per 5 to 6 mg of protein applied. 

The dialyzed malic dehydrogenase solution from Step 3 was 
applied to the prepared column and the initial protein peak (red 
in color) was washed through the column with 0.02 m sodium 
citrate, pH 6.25. This protein peak, containing 10 to 20°% of the 
malic dehydrogenase applied to the resin, was called ‘fraction 
8.” Gradient elution with a closed system (0.10 m sodium 
citrate, pH 6, fed into a 500-ml mixing flask full of the 0.02 m 
citrate buffer) was started after the initial protein peak had 
passed through the column. Most of the malic dehydrogenase 
was eluted by the increase in citrate concentration (at about 0.05 
M citrate) and this major enzyme peak was designated ‘fraction 
M.” The two fractions were separately pooled and concentrated 
by adding 561 g of ammonium sulfate per liter, centrifuging at 
20,000 < g for 45 minutes, and dissolving the precipitates in a 
minimal amount of 0.02 m sodium citrate, pH 6.25. The solu- 
tions were dialyzed overnight against the citrate buffer in prepara- 
tion for the final step. 

Step 5. Zone Electrophoresis on Starch—The apparatus used 
was similar to that described by Rotman and Spiegelman (9). 
The electrode vessels contained 0.02 M sodium citrate, pH 6.25. 
Starch paste equilibrated with the citrate buffer was poured onto 
a48- x 5--xX 1.5-cm lucite trough. Excess buffer was removed 
from the starch paste with blotting paper, a 1-em-wide starch 
block was removed from the center of the trough, and the enzyme- 
starch paste applied at that site. The run was performed with 
either “fraction 8S” or “M” for 20 hours at 20 ma (200 to 250 volts). 
After electrophoresis the enzyme was eluted from 1-cm-wide 
starch blocks cut out of the trough. ‘Fraction 8S’ enzyme 
moved toward the anode whereas the “fraction M’”’ enzyme 
moved toward the cathode. The same maximal specific activity 
as that obtained with trough zone electrophoresis in this step 
was obtained with starch columns of the Porath type (10) or by 
a diethylaminoethyl-cellulose step. 

Table I summarizes purification of the “fraction M’”’ malic 
dehydrogenase from beef heart. The procedure gives an ap- 
parent 230-fold purification with an over-all recovery of 16%. 
No attempt has been made to relate the extinction at 280 my to 
the protein in the first four steps; therefore, the number-fold 
purification is not to be compared to other preparations in which 
different techniques have been used for protein measurement. 
When the extinction coefficient at 280 my for the 230-fold puri- 
fied malice dehydrogenase (given in “Results”) is applied to the 
total protein in Step 5 of the table, it can be seen that 1 kg of 
acetone powder actually gave about 322 mg of enzyme; if the 
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TABLE [| 


Summary of purification procedure for malic dehydrogenase* 





Total Total Specific 


Step activity protein | activity Recovery 
unitst mg units/mgt V/A 

1. Acetone powder ex- 

BIO R tnt eee ek 6600 2.34 K 10° | 0.0282 100 
2. Ammonium sulfate (50 

to 80% saturated)..... 5050 5.06 XK 104 | 0.0998 77 
3. Ethanol (45 to 65% by 

SUD. foe sents | 34380 1.17 X 104 | 0.293 5 
4. Amberlite XE-64...... 1770 6.44 K 102 | 2.75 27 
5. Zone electrophoresis | 

ad as sues, Se 1040 | 1.61 X 10? | 6.44 16 





* Steps 1 to 3 include both enzyme forms; Steps 4 and 5 repre- 
sent only the enzyme in “fraction M.’’ 

j Enzyme units are expressed in wymoles of DPNH formed per 
second under the standard assay conditions. 

t From 1 kg of acetone powder. 
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Fic. 1. Zone electrophoresis of whole beef heart extract on 
potato starch. The run was performed at 4° for 20 hours at 20 
ma, 250 volts. Buffer used was 0.02 m sodium citrate, pH 6.25. 


approximate protein value in Step 1 is used, then the apparent 
over-all purification becomes about 115-fold. The turnover 
number of the 230-fold purified enzyme under standard assay 
conditions was 12,500 moles of DPNH formed min- mole-. 
Steps | to 3 in Table I include “fraction 8S”? malice dehydrogenase. 
The last two steps completely separated both enzyme forms (as 
shown by zone electrophoresis) and a five-fold purification of the 
enzyme in “fraction 8’ resulted in proceeding from Step 4 to 
Step 5. 

The enzymes were routinely stored as suspensions in 80% 
saturated ammonium sulfate at 4°. In neutral solutions at 
room temperature, the “fraction S” enzyme was more stable than 
the enzyme in “fraction M.” 


RESULTS 


Intracellular Distribution of Enzymes in “Fraction M” and 
“Fraction S’—When whole beef heart homogenate (which had 
been dialyzed against 0.02 m sodium citrate, pH 6.25, for 24 hours) 
was subjected to zone electrophoresis (under the same conditions 
used in Step 5), it was found that most of the malic dehydrogenase 
activity moved toward the cathode whereas to 20 to 30% of the 
total activity moved toward the anode (Fig. 1). The mobility 
of the enzyme moving toward the cathode was the same as the 
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form found in “fraction M’’ whereas the mobility of the enzyme 
moving toward the anode was the same as the malice dehydro- 
genase found in “fraction S.”’ Isolation by differential centrifuga- 
tion of the cellular fractions obtained from homogenization of 
whole beef heart in isotonic sucrose followed by zone electrophore- 
sis showed that the malic dehydrogenase form moving toward 
the anode was found only in the supernatant cellular fraction. 
The form moving toward the cathode was found in both mito- 
chondrial and supernatant fractions in about equal amounts. 
Therefore, it seems that the 230-fold purified malic dehydrogenase 
is the major type present in whole heart homogenate and is the 
only one present in, or extracted from, the mitochondria. Be- 
cause it is not known how intact the heart mitochondria were in 
our preparation, the exact cellular distribution of the form 
present in both fractions is unknown. 

d@ Hereafter, the 230-fold purified malic dehydrogenase will be 
referred to as mitochondrial enzyme, whereas the form found 
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Fic. 2. Moving boundary electrophoresis of heart mitochon- 
drial malic dehydrogenase, purified 230-fold. The run was per- 
formed at 0.9° for 711 minutes at 20 ma, 154 volts, with sodium 
phosphate buffer, pH 7.5, 0.10 ionic strength. 
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Fig. 3. The pH optima of supernatant and mitochondrial forms 
of malic dehydrogenase. The final reaction mixture contained 
1.7 X 10-4*mM DPN and 0.11 M sodium malate or 2.5 X 10-*m DPNH 
and 1.3 X 10°-* m sodium oxaloacetate. The buffer was in all 
cases 0.10 m glycine-0.05 m EDTA. A——A, supernatant enzyme 
in the oxidation of malate; O——O, mitochondrial enzyme in the 
oxidation of malate; @——@, mitochondrial enzyme in the re- 
duction of oxaloacetate; and O ——O, supernatant enzyme in the 
reduction of oxaloacetate. 
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exclusively in the supernatant cellular fraction will be culled 
supernatant enzyme. These two forms seem to possess the same 
chromatographic and electrophoretic properties as the types 
previously described in liver and heart (3-6). 

Molecular Properties of Enzymes—Moving boundary electro- 
phoresis of the 230-fold purified mitochondrial malic dehy- 
drogenase revealed three components after 711 minutes at 20 
ma (Fig. 2). The 60° component (slowest) had a mobility of 
—0.65 < 10-° cm? volt“! see in sodium phosphate, pH 7.5, 
0.10 ionic strength. This component and the middle one (30%) 
both contained malic dehydrogenase activity; the fastest com- 
ponent (10%) had no detectable activity. In addition, the 30% 
component possessed some glutamic-oxaloacetic transaminase 
activity. This component may represent a malic dehydrogenase 
which has natural glutamic-oxaloacetic transaminase activity or 
a malic dehydrogenase only complexed with the transaminase, thus 
giving the uncomplexed form a slightly lower mobility. _ Isocitrie 
dehydrogenase (DPN- and TPN-specific) and lactic dehy- 
drogenase activity were absent from the 230-fold purified enzyme. 

In the ultracentrifuge, the 230-fold purified malic dehydrogen- 
ase showed only a single, symmetrical peak. The sedimentation 
coefficient in water at 20°, extrapolated to zero protein concen- 
tration (s2.~), was found to be 4.6 * 10-" seconds. In contrast 
to the concentration dependence of the sedimentation coefficient 
of the pig heart enzyme, which produced a positive slope (11), the 
230-fold purified enzyme from beef heart exhibited a negative 
slope. A single ultracentrifuge run with the supernatant malic 
dehydrogenase (less pure in zone electrophoresis) gave about 
the same sedimentation coefficient. The diffusion coefficient 
(Deo,w) of the mitochondrial malic dehydrogenase was found to 
be 6.6 X 10-7 em? sec“!. The so, value at the same concentra- 
tion (about 8 mg per ml) was 4.3 XX 10-" seconds. With the 
assumption of a partial specific volume of 0.75 ml per g, the 
molecular weight was calculated to be 65,000. 

The determination of the extinction coefficient of the 230-fold 
purified malic dehydrogenase was based on the 16% nitrogen 
composition of the protein. At 280 mu the E42, value was 
5.0. With a molecular weight of 65,000, the molar extinction 
coefficient (€) of the mitochondrial enzyme is, therefore, 3.25 x 
104. Spectrophotometric measurements of the purified mito- 
chondrial enzyme in base indicated 0.6 mole of tryptophane 
present per mole of enzyme, the extinction at 280 my being almost 
entirely caused by the tyrosine. Both enzymes had a 280/260 
ratio of 1.6 and the ultraviolet absorption spectrum showed a 
component around 260 mu. About 0.01% phosphorus was found 
in samples of mitochondrial and supernatant malic dehydrogenase 
which had been extensively dialyzed against water and analyzed 
after sulfuric acid digestion by the method of Griswold et al. (12). 

Kinetic Properties of Enzymes—The pH optimum was at pH 
9.2 for the mitochondrial enzyme in both the oxidation of malate 
and reduction of oxaloacetate in 0.10 m glycine-0.05 m EDTA 
(Fig. 3). The supernatant enzyme in the oxidation of malate 
had a slightly lower optimum (pH 9.0), but in the reduction of 
oxaloacetate, no difference was noted; duplicate runs gave the 
same trends. It should be noted that, above pH 9.4, an increase 
in the rate of malate oxidation and a decrease in the rate of oxalo- 
acetate reduction were observed. This behavior may be caused 
by the effect of pH and of ionic strength (13) on the apparent 
equilibrium constant of the reaction, or to a change of affinity 
with pH for one or more of the substrates. Relationships be- 
tween the Michaelis constants, maximal velocities, and equi- 
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TABLE II 
Relative rates of heart malic dehydrogenase forms with 
DPN and its analogues 
The complete systems contained 4.5 X 10 m nucleotide and 
10-2 mM malate (h) or 10-* m malate (1) in the presence of 0.1 M 
EDTA, pH 10, and either enzyme form. 


Ratio Mitochondrial Supernatant 
enzyme enzyme 

nit 4.3 2.2, 2.5 
DPNi 

Deamino-DPNy 5.4 51. 5.0 
Re ea lahl echt ataalaht ; 
-etvlpyridine-DPN — ” 

Acetylpyridi Bee ais Bence a ae 6.3 3.5, 3.7 


DPN: 





librium constants have been noted for various enzymic reactions 
(14). 

Because EDTA was found to activate the enzymes, it was 
used in all kinetic determinations. Adenosine-5’-phosphate 
inhibited both forms whereas inorganic phosphate seems to 
activate the heart enzymes (6, 11). 

The relative rates of the two enzyme forms with DPN and 
its analogues differed (Table II). TPN did not react with either 
enzyme. Mesotartrate and L-tartrate were slowly oxidized as 
Davies and Kun (15) first demonstrated, but no significant dif- 
ferences were noted in the mesotartrate to L-tartrate relative rate 
ratio with the two enzyme forms. In the case of the two rat 
liver malic dehydrogenases, differences were observed in both 
the rate of oxidation of the tartrates and DPN and its analogues 
(4). 

The Michaelis constants for DPN, DPNH, t-malate, and 
oxaloacetate were determined by the graphical method outlined 
by Florini and Vestling (16). Since it has been shown that the 
Michaelis constants for malic dehydrogenase depend on the 
concentration range of malate and oxaloacetate used in the 
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Fic. 4. Photographs of the precipitation bands formed in the agar diffusion plates. 


mitochondrial enzyme; and 3, supernatant enzyme. 
tant enzyme. 


about 1.5 mg of protein per ml. 
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B1, supernatant form antiserum; 2, 
The plates were allowed to develop for 1 week at 4°. 
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determination (15), identical substrate and coenzyme concen- 
trations were used with both enzyme forms. The amount of 
enzyme used varied from 5.4 to 8.1 X 10-!° mole per ml of the 
final reaction mixture. Table III gives the Michaelis constants 
(A,,) and maximal turnover numbers at pH 9. From this table 
it seems that the mitochondrial malic dehydrogenase has higher 
K,» values and turnover number for DPN and malate, whereas 
the supernatant form has higher K,, values and turnover number 
for DPNH and oxaloacetate. : 
Immunological Properties of Enzymes—The agar diffusion 
method of Ouchterlony (17) was performed with the antisera 
from rabbits immunized with supernatant and mitochondrial 
malic dehydrogenases. Fig. 44 indicates that mitochondrial 
malic dehydrogenase antiserum reacted with both enzymes to 


TaBLe III 
Michaelis constants and maximal turnover numbers for purified 
mitochondrial and supernatant malic dehydrogenases 
The buffer used in all determinations was 0.1 m EDTA, pH 9 
(final concentration). Identical substrate concentrations were 
used with both enzyme forms (DPN, 2 X 10-3 to 6 X 10-4 M; 
malate, 8 X 10-* to 2 X 10-3 m; DPNH, 3 X 10-4 to8 X 10°; 
oxaloacetate, 8 X 10-4 to 2 K 10-4 M). 


Mitochondrial 


Constant enzyme — 

iutste.< 9.9 X 10-4 5.4 X 10-4 
Dt cactneniate 4.0 X 10-5 5.1 X 10-5 
Kppn.. 5.4 X 10-4 2.0 X 10-4 
Kppnu 4: ; ; 2.5 X 10% 3.8 X 10% 
Maximal turnover number with 

malate and DPN*........ cen 35,000 20 ,000 
Maximal turnover number with 

oxaloacetate and DPNH*...... 59,000 72,000 


* It was assumed that the same amount of activity of either 
enzyme form in the standard assay system indicates the same 
number of enzyme moles present, as actually determined only 
for the mitochondrial form. The turnover number is given in 
moles of DPN or DPNH converted per minute per mole of enzyme. 





Al, mitochondrial form antiserum; 2. 
mitochondrial enzyme; and 3, superna- 
Serum was used undiluted, and antigen concentrations were 
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give two or three common diffusion bands. The supernatant 
enzyme antiserum gave one very intense and two faint diffusion 
bands with supernatant enzyme, but no visible bands with the 
mitochondrial enzyme (Fig. 4B). 

The antisera were incubated for 48 hours at 4° with the 
enzymes, the mixtures were centrifuged, and the supernatants 
With the mitochondrial form antiserum, 
92°% of the mitochondrial enzyme activity was lost, whereas 
80° % of the supernatant enzyme activity was lost from the super- 
natant of the centrifuged reaction mixture. With the supernatant 
form antiserum, 14% of the supernatant enzyme activity was 


assayed for enzyme. 


lost, and no loss of mitochondrial enzyme activity was observed. 
In these four incubations the same amounts of antisera and 
number of enzyme units were used, normal rabbit serum being 
run as a control. The pellets from the reaction mixtures had 
some enzyme activity. 


DISCUSSION 

The purification procedure in this paper makes use of chroma- 
tography on Amberlite XE-64 which has been shown to be 
effective in the purification of the rat liver enzymes (4, 18). 
The data presented in this paper supplement the earlier reports 
that malic dehydrogenase is present in significant quantities 
in both the supernatant and mitochondrial cellular fractions of 
rat liver (19, 20), and that these two forms possess different 
kinetic, electrophoretic, and chromatographic behavior (1, 2, 4). 
It already has been shown (4) that the pig heart enzyme isolated 
by Wolfe and Nielands (11) has certain kinetic and chromato- 
graphic similarities to the mitochondrial form obtained from 
rat liver, and that the enzyme isolated from whole beef heart 
acetone powder by Siegel and Englard (5) has some similarities 
to the pig heart enzyme (11). In Table IV three of these other 
heart malic dehydrogenase preparations are compared with our 
230-fold purified mitochondrial enzyme. It is evident that the 
diffusion and sedimentation data of our preparation agree very 
closely with that of Siegel and Englard (5) and that the isoelectric 
point falls within the range found for the pig heart enzyme (11). 
In view of these relations and the data presented in this paper, it 
is suggested that the four enzyme preparations listed in Table 
IV are largely from the mitochondrial fractions. Unless a dif- 
ferent mitochondrial malic dehydrogenase has been isolated 
from ox heart, it is not clear why the ox heart preparation should 
differ so much from the other bovine preparations. 

Differences in the two enzyme forms have been shown in the 
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chromatographic behavior, electrophoretic mobility, pH optima, 
stability, rates with DPN and its analogues, turnover numbers, 
and Michaelis constants. Some immunochemical differences 
also were observed although these differences were less distinct, 
The fact that the most intense band was observed in the super. 
natant enzyme-supernatant antiserum reaction, where:s the 
mitochondrial antiserum was more effective in precipitating 
either enzyme form seems to indicate that the most intense band 
formed was largely or entirely the result of an immune reaction 
to inactive protein. 

So far the physical properties of highly purified supernatant 
malic dehydrogenase have not been reported, but recent work 
has demonstrated a conversion of the rat liver supernatant form 
to the mitochondrial form upon treatment with an organi¢ 
solvent (21). This suggests that complexes may be involved in 
causing some of these differences, at least with the rat liver forms, 
Whatever the reason may be for the heart forms, it does seem 
that the differences involve or affect the ‘‘active center”’ of the 
enzymes. The fact that the pellets in the immunological studies 
were somewhat active suggests that this catalytic site may also 
differ from the immunological site. 


SUMMARY 


1. Malic dehydrogenase which has been purified from beef 
heart acetone powder seemed to be a mitochondrial enzyme 
form. Its molecular weight was 65,000, its molar extinction 
coefficient was 3.25 X 104 at 280 my, and it was isoelectric at 
pH 6.2. 

2. At pH 9, near the optimal pH, the purified mitochondrial 
enzyme gave the following Michaelis constants: Kmatate, 9.9 X 
10-4; | See eee 40 x 10 5. Kppy, 54 x 10 . and K pena, 
2.5 x 10-*. The maximal turnover number with malate and 
diphosphopyridine nucleotide (DPN) was 35,000, and _ with 
oxaloacetate and reduced diphosphopyridine nucleotide 59,000 
moles of substrate converted per minute per mole of enzyme. 

3. A second malic dehydrogenase, accounting for 20 to 30% of 
the total activity in whole heart homogenate and found only in 
the supernatant cellular fraction, was separated from the mito- 
chondrial form and partially purified. Compared to the mito- 
chondrial enzyme, the supernatant form had a higher turnover 
number with oxaloacetate and reduced diphosphopyridine nucleo- 
tide, but a lower turnover number with malate and diphospho- 
pyridine nucleotide. The two enzymes also differed in chromato- 
graphic behavior, electrophoretic mobility, pH optima, stability, 


TABLE IV 


Beef heart mitochondrial 
4.3 x% it'* 
6.6 X 107 


S20,w (see). 
D2 (em?/sec) 


Molecular weight. . eats 65,000 
| : er 6.2 
Extinction at 280 my (E-value). .... 5.0 
PMID ng 8 ha gs ore alvin oe eta 1.6 
Turnover HUMES... ...-. 6-62.55... 340 


* Values given in the original paper were for 2°; the values in this table have been corrected to 20° by use of the relative viscosity 
of water at 2°, and, for diffusion, a 293/275 factor. 
t Value given in umoles of DPN converted per minute per mg of protein. 
bers, although similar, were not identical. 


Comparison of heart malic dehydrogenase preparations 


Whole beef heart powder 


Ox heart mitochondrial 
(reference 15) 


Pig heart 


(reference 5) (reference 11) 


4.3 X 10-3 3.5 X 10713* 3.6 X 107% 


6.45 X 1077 24 x 10-7* | 8.5 X 107 
62,000 15,000 | 40 ,000 
5.5-5.6 >6.9 6.1-6.4 

Not given 8.5 4.6 
Not given 1.35 1.4 
527 306 243 


The assay conditions for the comparative turnover num 
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rates with diphosphopyridine nucleotide and its analogues, 
Michaelis constants, and immunological reaction. 
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Snake venoms are known to contain a number of enzymes 
(1-3). Attempts have been made to correlate the toxicity of 
snake venoms with their enzymic activity, e.g. between nucleases 
and toxicity (4), phospholipase A and neurotoxic action of cobra 
venom (5), and proteolytic and coagulant activity and toxicity 
(6-8). Most of these studies have been carried out on whole 
venoms or after elimination of some components by heat treat- 
ment (5). A number of methods, such as electrophoresis (9), 
paper electrophoresis (10), and quite recently, ion exchange 
resins such as Amberlite IRC 50 (11) and cellulose ion-exchangers 
(12-14) have been used for fractionation. Ohsaka (15) has used 
electrophoresis on potato starch for separation of components of 
Habu venom, and Yang ef al. (16, 17) have used a similar method 
for the fractionation of the venoms of Formosan cobra and Hyap- 
poda. Yang et al. (17) found that the neurotoxic activity of 
cobra venom did not coincide with any of the enzymes tested by 
them. In the case of Hyappoda venom, they found that pro- 
teases and phosphatases occurred in the same fractions as the 
toxic components. 

We have studied the properties of venoms of Indian snakes, 
especially Indian cobra (Naja naja) and Russell’s viper (Vipera 
russelli). On a microscale we are able to obtain a fairly good 
separation of the components of both the venoms with the starch 
gel electrophoretic technique of Smithies (18). Use of paper 
and agar gel electrophoresis did not give sufficiently good separa- 
tion of the components. We have worked out rapid methods of 
detection of the enzymic components with only small quantities 
of venoms. The present communication is a report of the re- 
sults. 


EXPERIMENTAL PROCEDURE 


Materials and Methods—The pooled lyophilized venoms of 
cobra and Russell’s viper collected at the Haffkine Institute were 
used. 

Potato starch for electrophoresis was hydrolyzed before use 
as described by Smithies (18). 

Tris and t-histidine hydrochloride were purchased from Nu- 
tritional Biochemicals Corporation, Cleveland, Ohio. Calcium 
di-p-nitrophenyl phosphate was purchased from Sigma Chemical 
Company. Disodium p-nitrophenyl phosphate, and p-nitro- 
phenyl-UMP (barium salt) were generously supplied by Dr. 
H. G. Khorana, British Columbia University, Canada. AMP 
was a product of Pabst Laboratories. RNA (sodium salt) was 
purchased from Mann Research Laboratories, Inc., New York, 
and DNA (sodium salt) from L. Light and Company, (England). 


Esters of 2 ,6-dichlorophenol indophenol were prepared according 
to the method described previously (19). 

Rabbit cells were prepared by washing defibrinated rabbit 
blood several times with citrated 0.9% sodium chloride solution, 
Fresh human plasma was received each time for coagulation 
studies. 

Starch Gel Electrophoresis—This was carried out according to 
the method of Smithies (18). Potato starch gel, 12% was pre. 
pared in Tris-citrate buffer, pH 8.6. The composition of the 
buffer solutions was the same as that recommended by Poulik 
(20) except that the pH of the borate buffer in the electrode 
compartments was adjusted to 8.6 with 20% sodium hydroxide 
solution. Four starch blocks (25 x 2.5 x 0.2 cm) were cast 
over cellophane paper on a glass plate. The ends were con- 
nected to the electrode compartments with filter paper strips, 
A 20% (weight per volume) solution of lyophilized cobra and 
Russell’s viper venoms in distilled water was used for electro- 
phoresis. The venom sample was put on the starch gel by first 
placing approximately 0.025 ml on a strip of Whatman No. 3 
filter paper (0.2 X 2cm). This was the procedure adopted when 
the gel was to be tested directly for the location of the enzyme by 
overlaying a suitable substrate on the starch gel. When the 
components were to be eluted from narrow segments after the 
electrophoresis, the above procedure was not suitable. In such 
cases, 0.025 ml of the venom was adsorbed on starch grains 


which were then inserted into a narrow furrow in the center of | 
Elee- | 


the starch gel according to the procedure of Smithies (18). 
trophoresis was carried out at approximately 200 volts and 19 
ma for 5to6 hours. After electrophoresis, one of the strips was 
stained for proteins with Amidoblack 10B (0.5% solution ina 
mixture of methanol-acetic acid-water in the ratio of 5:1:4) for 
5 minutes and the excess of the dye was removed by repeated 
washing with 1% aqueous acetic acid. The remaining blocks 
were tested for enzymes as described below. When the separated 
components were to be eluted, the starch blocks were cut into 
10-mm segments and marked as +1, +2, +3 etc., from the 
point of application towards the anode side and —1, —2, -3 
etc., from the point of application towards the cathode side. 
These segments were kept frozen at —20° overnight; the next 
day, after thawing, they were put inside the barrel of a 20-ml 
syringe with the needle removed and pressed with the piston. 
Approximately 0.4 ml of fluid was obtained from each segment 
by this method, an amount quite sufficient for testing for et 
zymes and toxicity. These experiments were repeated several 
times to confirm the identity of different components. For the 
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detection of some of the enzymes such as nuclease, phospho- 
diesterase, and cholinesterase, in which chromogenic substrates 
could be used, the starch gel after electrophoresis was covered 
with the substrate and the enzymes could be visualized and 
located directly by the color produced. 


Enzyme Activities 
Protease—Fluid from each segment, 0.1 ml, was placed on un- 
developed photographic film strips, kept in a covered Petri dish, 
and incubated at 37° in a humid incubator overnight. When 
the strips were flooded with water, the zones of the proteolytic 
activity were revealed by dissolution of the gelatin on the photo- 
graphic strip. 

Coagulase—Fluid from each segment, 0.1 ml, was tested for 
coagulase activity by Quick’s method of prothrombin time meas- 
urement with recalcified human plasma (21). 
activity was detected by the same procedure. 

Phospholipase A—The method used was that of Gennaro and 
Ramsey (22) with slight modification. Numbered disks (1.0 em 
in diameter) of Whatman No. 1 filter paper were soaked in the 
fluid expressed from the frozen and thawed segments and placed 
on sheep cell lecithin agar in Petri plates. The sheep cell lecithin 
agar Was prepared by adding a mixture of 2.5 ml of 0.2% lecithin 
solution in 0.9% sodium chloride solution and 2.5 ml of packed 
sheep cells to 45 ml of 1% agar prepared in normal 0.9% sodium 
chloride solution which had been melted and cooled to 40°. 
Petri dish contained 10 ml of this mixture. The plates were 
incubated overnight at 37°. Phospholipase A activity was 
located by the appearance of a zone of hemolysis around the 
filter paper disks. 

Nucleases—A solution containing RNA (sodium salt) or DNA 
(sodium salt) (3 g/100 ml), and agar (1 g/100 ml) was overlaid 
on the starch block after electrophoresis. The block was in- 
cubated overnight at 37° in a humid incubator after which it was 
flooded with 0.5 mM hydrochloric acid. The nuclease activity was 
revealed by the appearance of a clear zone against a white pre- 
cipitate when placed on a black background (Fig. 1). Alter- 
natively, Whatman No. | filter paper disks (1 cm in diameter) 
soaked in the fluid from each segment were kept on the surface 
of 1% agar gel containing 3% RNA. The plates were incubated 
at 37° overnight. The next day the filter paper strips were 
removed and the plates were flooded with 0.5 m HCl. The 
nuclease activity could be easily detected by clear spots where 
the filter paper disk containing the nucleases had been kept. 


Anticoagulant 


Each 


- “ 





Fig. 1. Detection of ribonuclease in the cobra venom. 
Strip strained for proteins with Amidoblack 10B and lower Strip 
treated with ribonucleic acid as described in the text. 
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ANODE FRACTION 
Fic. 2. Detection of L-amino acid oxidase in Russell’s viper 
venom, by circular paper chromatography after electrophoresis. 


Phosphodiesterase, Monoesterase, and 5'-Nucleotidase—Phos- 
phodiesterase activity was detected by the method of Sinsheimer 
and Koerner (23) with calcium dinitrophenyl phosphate as the 
substrate. It was further confirmed by covering the starch 
block with 0.1% solution of p-nitrophenyl-UMP and incubating 
it at 25° in a water-saturated atmosphere. The diesterase ac- 
tivity was revealed by the appearance of an intense yellow zone 
against a white background in about 10 minutes. 

Monoesterase activity was detected by incubating 0.4 ml of 
the fluid from each segment with 0.4 ml of 0.5% solution of 
sodium p-nitrophenyl phosphate. The appearance of yellow 
p-nitrophenol after approximately 2 hours indicated the presence 
of the enzyme. 

5’-Nucleotidase activity was detected by incubating 0.4 ml of 
the fluid from each segment with AMP as the substrate and 
estimation of inorganic phosphate was carried out by the method 
of Fiske and SubbaRow (24). 

L-Amino Acid Oxidase—To 0.2 ml of the fluid from each seg- 
ment was added 0.5 ml of a solution of L-histidine hydrochloride 
(3 mg per ml). After incubation at 37° for 24 hours, 10. ml 
aliquots were applied to Whatman No. 1 filter paper circles 
(24 cm in diameter). Circular paper chromatography was 
carried out with n-butanol-acetic acid-water in the ratio of 4:1:5 
as the solvent and diazotized sulfanilic acid as the spray reagent 
(25). The appearance of an additional band above that of L- 
histidine revealed the presence of L-amino acid oxidase (Fig. 2). 

Cholinesterase—The method of Master (19) was followed. 
The starch block after electrophoresis was covered by a mixture 
of 0.2 ml of 2,6-dichlorophenolindophenol acetate, butyrate, or 
caproate in ethanol and 1.8 ml of Tris-citrate buffer, pH 8.6. 
The block was left at 25° in a water-saturated cabinet. The 
esterase was detected by the appearance of a blue band of 2,6- 
dichlorophenolindophenol on the starch block (Fig. 3) in about 
1 hour. Unsubstituted indophenol esters give equally good 
results, and can be prepared by the method described by Kramer 
et al. (26). 





LOSS 


Fic. 3. Esterase activity of cobra venom after electrophoresis. 


with acetate, butyrate, and caproate of-2,6-dichlorophenolindophenol, respectively. 


Toxic Components—These were located by intravenous injec- 
tion of 0.5 ml of the diluted fluids (1:3) from each segment into 
white mice weighing 19 to 20 g. The component which caused 
the death of the mice within 24 hours was assumed to contain 
the toxin. This experiment was repeated several times to con- 


firm the position of the toxic components 


RESULTS 

By comparison of the positions of the different enzyme ‘activ- 
ities and the protein components as revealed by the blocks stained 
for proteins with Amidoblack 10B, the positions of the different 
enzymes were fairly accurately ascertained. Cobra venom 
separated into nine components, four migrating to the positive 
(anode) side, four migrating to the negative (cathode) side, and 
one remaining at the center. 
arated into nine components, four of which moved to the nega- 
tive side and five to the positive side. The identification of the 
components of cobra and Russell’s viper venoms after starch 
gel electrophoresis is given in the legend to Fig. 4. 

In both the venoms, it was found that phosphodiesterase and 
nuclease remained at the point of application and that 5’-nucle- 
otidase moved to the negative side. In Russell’s viper venom 
one component on the negative side also showed slight L-amino 
acid oxidase activity. 

When the toxicity of the fluids from all the segments after the 
electrophoresis of cobra venom was tested, it was found that the 
component in the third segment on the cathode side, correspond- 
ing to No. 8 in Fig. 4, killed the mice with the same typical 
symptoms of paralysis as the whole venom produced when in- 
jected intravenously. 


Russell’s viper venom also sep- 


During electrophoresis of cobra venom, there occurred a pe- 
culiar sharp line at the position indicated by the arrow in Fig. 4 
(Strip C) which was visible even when the starch block was not 
stained for proteins. The component adjacent to this line on 
the negative side was identified as the neurotoxin. When the 
whole venom was heated to 100° for 15 minutes, centrifuged, 
and subjected to electrophoresis, this zone was present as the 
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Strip 1 was stained for proteins, Strips 2, 3 


, and 4 were treated 
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D 


Fig. 4. 
sell’s viper. A and (, cobra venom; Strips B and D, 


Starch gel electrophoresis of venoms of cobra and Rus- 


(Strips 








Russell’s viper venom) stained with Amidoblack 10B. 

Cobra venom (Strip A) starting from the extreme component 
on the positive (anode) side: 1, cholinesterase (also slight phos- 
phomonoesterase activity); 2, (not clear in the photograph) phos- 
pholipase A and anticoagulant; 3, L-amino acid oxidase; 4, prote- 
ase; 5, phosphodiesterase (ribonuclease and deoxyribonuclease); 
6, 5’-nucleotidase, 7, protease; 8, neurotoxin; and 9, phosphomono- 
esterase. 

Russell’s viper venom (Strip B): 1, unidentified; 2, phospho- 
lipase A; 3, protease; 4, L-amino acid oxidase and coagulase; 4; 
phosphodiesterase (ribonuclease and deoxyribonuclease); 6, 5’- 


nucleotidase; 7, L-aminoacid oxidase, and 8, phosphomonoesterase. 


only protein that resisted heat treatment. The peculiar sharp 
line made it possible to elute the component even without a 
reference block stained for proteins. 


The neurotoxic component 
did not coincide with any of the enzymes detected in the present 
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investigation. The protein responsible for the sharp line has 
not been identified. 

In the case of Russell’s viper venom, interesting results were 
produced when the fluids obtained from each segment were 
tested for toxicity. About 0.4 ml of the fluids from each seg- 
ment was diluted to 1.0 ml, and 0.5 ml of this diluted solution 
was injected intravenously into white mice weighing 19 to 20 g. 
This experiment was repeated several times. The expressed 
fluid from each of the segments was nontoxic although the amount 
of the Russell’s viper venom used for electrophoresis was approxi- 
mately 60 lethal doses. The fluids obtained from the segments 
on the positive side were pooled together into one lot and those 
from the negative side into another. The pooled fraction from 
the anode side was toxic and all the animals receiving injections 
died. The first five fractions on the positive side when com- 
bined, produced the toxic effect of the whole venom. These ex- 
periments were repeated four times and the same results were 
obtained. It was further confirmed that the aliquots of the very 
fractions, which were found to be nontoxic individually, became 
toxic when combined, in spite of the dilution. In the case of 
cobra venom, the fractions on the anode side which were also 
nontoxic individually did not become toxic when combined. 

The toxicity experiments on Russell’s viper venom are sum- 
marized in Table I. 

It was not possible to identify with certainty the components 
which should be mixed in order to restore the toxicity of the 
separated components because the amounts of fluids obtained 
were very small. Further, a quantitative evaluation of the re- 
covery of the over-all toxicity after electrophoresis was not made. 
These venoms are now being fractionated on ion exchange cel- 
lulose columns. 


DISCUSSION 


Several workers have tried to correlate the toxicity of snake 
venoms with their enzyme activities. Thus, the experiments of 
Taborda et al. (4) suggested that the nucleases might be responsi- 
ble for the toxic nature of the snake venoms. Braganca and 
Quastel (5) thought that phospholipase A of Indian cobra venom 
was responsible for the venom’s neurotoxic action inasmuch as 
both enzymes were stable to heat. However, these workers did 
not try to separate the two activities. In the present investiga- 
tion, the toxicity of cobra venom could not be attributed to any 
particular enzyme tested. and certainly not to nucleases or phos- 
pholipase A. The toxic component which gave rise to typical 
paralytic symptoms of a neurotoxin was found to be electro- 
phoretically quite distinct from the other components. These 
results further support the results of previous workers (27, 28) 
who were able to separate phospholipase A from the neurotoxin 
in snake venoms. Phospholipase A has been isolated by North 
and Doery (29) from snake venoms and used to neutralize staph- 
ylococcal toxin in vivo. Gitter et al. (10) have also separated 
the neurotoxin of Vipera xanthina palastine and found it to be 
distinct from the phospholipase A. 

In the case of Russell’s viper venom, the components on the 
anode side eluted from segments 1 to 5 from the center seemed 
collectively to contribute to the toxicity of the venom. The 
enzymes present in them were coagulase, L-amino acid oxidase, 
protease, and phospholipase A; this is a good indication that 
some of the enzymes do enhance the action of other enzymes 
although by themselves they do not manifest signs of toxicity. 
Recently, Kochwa et al. (14) reported similar synergistic action 
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TABLE I 
Toxicity experiments on mice with pooled fractions after 
electrophoresis of Russell’s viper venom 
| 
ile | Vol f No, of mi 
as “ae | No. of fractions pooled soletion Panes eye 
i | injected* 24 hrs. 
onetamad 
| ml 
1 | Anode (+1 to +10) 1.0 0/4 
2 | Cathode (—1 to —10) 1.0 4/4 
3 | Anode (+1 to +5) 0.5 0/3 
4 | Anode (+6 to +10) 0.5 3/3 











* All injections were intravenous. 


of two components separated by ion exchange cellulose columns 
from V. xanthina palastine venom which became more toxic 
when mixed. In the case of Russell’s viper venom, the toxicity 
has been attributed to the proteolytic enzymes (8). In the 
present study, on mixing the fractions on the anode side which 
contain coagulase, protease, L-amino acid oxidase etc., the tox- 
icity is restored. The effect of protease may be potentiated by 
the L-amino acid oxidase inasmuch as it removes the product of 
action of protease and perhaps of coagulase, as suggested by 
Zeller (1). Thus, the toxicity of Russell’s viper venom may be 
due to the combined action of protease, coagulase, and L-amino 
acid oxidase. The restoration of the toxicity on mixing the frac- 
tions could also be due to the recombination of an apoenzyme 
with its cofactor, which might have been separated during elec- 
trophoresis. The cofactor if present, is, however, nondialyzable, 
because dialyzed Russell’s viper venom has been found by us to 
have the same toxicity as the undialyzed venom. 

The present investigation has revealed that in electrophoretic 
properties the 5’-nucleotidase is distinct from the diesterase, and 
occupies a position immediately on the negative side from the 
center in both the venoms. 

The cholinesterase of cobra venom moves to the anode side 
which corresponds to the fastest component. This enzyme is 
absent in Russell’s viper venom. It hydrolyzes acetyl ester and 
also acts on higher esters such as butyrate and caproate (19). 
Hence, cholinesterase of cobra venom has a wider specificity. 
It has been found to be distinct from the neurotoxic component 
as reported by earlier workers (1). 

Another interesting observation is that the electrophoretic 
mobilities of some enzymes such as phosphodiesterase, 5’-nucle- 
otidase, L-amino acid oxidase, protease, phospholipase A of cobra, 
and Russell’s viper venoms are more or less similar. The anode 
fractions of cobra and Russell’s viper venoms are similar except 
for a strong coagulase and L-amino acid oxidase activity in the 
Russell’s viper venom. However, when the anode fractions of 
cobra venom are mixed, they do not become toxic although this 
venom has a cholinesterase in addition. The toxicity of Rus- 
sell’s viper venom is therefore probably due to its higher content 
of protease and L-amino acid oxidase. The different modes of 
toxicity as evidenced by the present investigation throw some 
further light on their form of action. The cathode fractions of 
Russell’s viper venom are individually nontoxic and do not 
become toxic even when pooled together. 

Although some of the common components of cobra and Rus- 
sell’s viper venoms have the same electrophoretic mobilities, they 
must be different immunologically because they do not cross 
react in the gel diffusion test, as observed by Kulkarni and Rao 
(30). 
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SUMMARY 


1. Venoms of cobra and Russell’s viper were subjected to 
starch gel electrophoresis and several different enzymic and toxic 
components were identified. 

2. Methods are described for the detection of enzymes such as 
esterases, nucleases, L-amino acid oxidase, and phosphatases, 
after starch gel electrophoresis. 

3. In the cobra venom, one component migrating to the cath- 
ode side was found to be responsible for the neurotoxic action of 
the venom. It did not coincide with any of the enzymes de- 
tected in the present investigation. 

4, In the case of Russell’s viper venom, the individual com- 
ponents were found to be nontoxic after electrophoresis but, on 
mixing the fractions on the anode side, toxicity was restored. 
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Because the activity of crystalline phosphorylase a isolated 
from rabbit muscle varies widely, depending upon the conditions 
used in crystallization, storage, and assay, experiments were 
undertaken with two objectives: first, to study the effect of 
several variants on the activity in vitro of the enzyme and, 
second, to develop a semimicro method of assay, in which maxi- 
mal activity is elicited and results are recorded directly on a 
molar basis. It is shown that cysteine may either enhance or 
inhibit activity and that adenosine 5’-phosphate effectively 
protects the activity of the enzyme, during assay, against de- 
struction caused by cysteine, salts, and heat. Versene (the 
disodium salt of ethylenediaminetetraacetic acid), however, 
which commonly replaces cysteine in the assay (1, 2) protects 
the enzyme from inactivation caused by salts and heat, but not 
from that caused by cysteine. Maximal enhancement of activ- 
ity by Versene is less than that by cysteine. 


EXPERIMENTAL PROCEDURE 


Preparation of Phosphorylase a—Crystalline phosphorylase a 
was prepared from the skeletal muscles of rabbits by the method 
of Illingworth and Cori (3); during the fourth crystallization 
from cysteine-glycerophosphate buffer the enzyme was treated 
with acid-washed Norit A. The preparation was then divided 
into two equal parts, each of which was crystallized twice more 
from different buffers, pH 6.8. Both media were 4 x 10? mM 
in glycerophosphate; in addition one buffer, designated CB, was 
3 X 10-? om in cysteine and the other, designated VB, was 3 X 
10° m in Versene. The enzyme crystallized six times from CB 
is designated CZ; the enzyme crystallized two times from VB 
is designated VZ. These two preparations were used in experi- 
ments designed to test the relative effects of cysteine and Ver- 
sene on the stability of phosphorylase a during crystallization, 
storage, and assay. Ideally, it would have been desirable to 
study enzymes in the preparation of which either cysteine or 
Versene was used, each exclusive of the other. In practice, 
the authors have been unsuccessful in crystallizing phosphorylase 
a in the absence of cysteine. When first crystallized several 
times in the presence of cysteine, however, the enzyme may then 
be crystallized at least three times in its absence if Versene is 
present. 

Loss of Activity of Phosphorylase a on Aging—In Fig. 1 and 
the following figures, activities are expressed as moles of Pi 
liberated from glucose 1-phosphate by 1 mole of enzyme (500,000 
g) when incubated at 38° and pH 6.8 for 1 hour under stand- 
ardized conditions. The initial concentrations of reactants in 
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the assay mixture, maintained constant in all experiments unless 
otherwise specified, were those given in the legend of Fig. 5. 
When present in the preincubation mixture each reactant ap- 
peared at twice this concentration. Fig. 1 illustrates two points 
that were observed in many experiments. First, VZ stored in 
VB maintained activity during the 8-day interval between the 
experiments, whereas CZ in CB lost activity. Second, the 
ratios of activities of each enzyme, assayed without and with 
AMP, fell slowly as the enzymes were aged. 

Long-term Preincubation at 38°—Many experiments were done 
to test the effect of each component of the assay medium on the 
activity of phosphorylase a. The substance common to all 
media was the buffer salt, sodium glycerophosphate. Control 
experiments, in which VZ was preincubated in glycerophosphate 
buffer without additive, demonstrated the nonspecific inhibitory 
effect of salts at this temperature (4); loss of activity was linear 
with time of preincubation and amounted to 15% per hour. 
When glucose 1-phosphate was added to the buffer the loss was 
only slightly increased. AMP, however, protected the enzyme 
from these losses, completely for 1 hour and almost completely 
for 2 hours. 

Fig. 2 shows the results of an experiment in which each of two 
fresh enzyme preparations, VZ and CZ, was preincubated for 
varying times in each of two glycerophosphate buffers, having 
as additive either Versene or cysteine. The following facts are 
apparent. (a) VZ was remarkably stable in VB, i.e. in the 
presence of added Versene and absence of added cysteine, but 
CZ was less stable under the same conditions. (6) Both VZ and 
CZ lost activity rapidly when preincubated in the presence of 
cysteine; in 2 hours VZ lost 86%, when cysteine was present as 
additive to the glycerophosphate buffer, compared with 30% in 
the control when no additive was present. (c) Importantly, the 
initial activity (without preincubation) of each enzyme was 
higher in the presence of cysteine than of Versene. (d) In the 
presence of cysteine the initial activity of VZ was twice that of 
CZ, although the activities had been found, on the previous day, 
to be approximately the same when CZ was assayed in CB and 
VZin VB. The apparent equivalence of activities was fortuitous 
and resulted from the fact that the potential activity of VZ was 
not realized in the absence of an essential activator, namely 
cysteine. Versene, used as additive to the glycerophosphate 
buffer, protects VZ from denaturation during preincubation, 
whereas cysteine destroys activity in the absence of a protective 
or stabilizing agent. 

Protection Given by Glycogen and 5'-Riboadenylic Acid—Be- 
cause cysteine destroys the activity of unprotected phosphory]l- 
ase a, but is, paradoxically, essential to its maximal activity, 
experiments were done to test the protective effect of each com- 
ponent of the assay mixture. Fig. 3 shows that glycogen, AMP, 
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Fig. 1. Loss of activity on aging of two different preparations . 
of phosphorylase a, VZ and CZ. The results of Experiment I, ro) expt 
done the day after the final crystallizations, are strictly com- > acti 
parable with those of Experiment II, done 8 days thereafter. ) 5 3 at 1 
In these experiments each enzyme was incubated for 20 min- : 
utes at 38° in each buffer, VB or CB; ae pov pata yi HOURS OF PREINCUBATION its 1 
the same buffer both with and without AMP. Fia. 3. Protection given to phosphorylase a by glycogen and the 
adenylic acid during preincubation in the presence of cysteine. 190 
Curves A and B, control experiments done on successive days, in of 1 
both of which VZ was preincubated in CB in absence of glycogen or 
120 and adenylic acid, but assayed in their presence; Curve C, VZ y | 
; T T T preincubated in CB in presence of glycogen; Curve D, VZ preincu- acti 
w bated in CB in presence of adenylic acid; Curve E, VZ preincubated E 
3 in presence of both glycogen and adenylic acid. of \ 
sma 
w 100 7 and a combination of these two components gave increasingly test 
ws effective protection in the order mentioned. If the enzyme cyst 
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u in the assay mixture, the enzyme is always partially protected and 
= 60 ail during assay; when AMP is also present, protection to activity effe 
g is complete. effe 
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oO p y 
= & centration of cysteine, the curve rose asymptotically from the Ali 
an initial value, 55 X 104 moles of Pi, without added cysteine, to in ( 
” 20+ 133 X 10* with cysteine at 1.5 x 10°? Mm. A linear curve re- ten 
“ sulted when the reciprocal values were plotted. The optimal nyt 
ro) {oe A concentration of cysteine, 1.5 < 10-* M, confirms an earlier spe 
> ee finding (4). solt 
O | 2 3 Effect of Versene on Activity—In preincubation experiments eter 
HOURS OF PREINCUBATION similar to those of Fig. 3, Versene gave no protection to the activ- rep 
ity of VZ against the loss incurred when cysteine was present in of | 
Fig. 2. ivity 8 5 : ‘ : 
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TaBLeE I 
Effect of thiols on activity of phosphorylase a 
The concentration of the thiols was 1.5 X 10-? m in the assay 
mixture, 3 X 10-? m in the preincubation mixture. Assays were 
made in the presence of AMP immediately after preincubation at 
38° for the indicated times. Activities are expressed as moles 
(all X 10~*) of P; liberated by 1 mole of enzyme in 1 hour. 





Activity of enzyme 














Thiol added Minutes of preincubation 

| 0 30 90 

rc 
OE Ie Se eens Coen ieee 81 | 
Mercaptoethylamine.............. 174 134 | 104 
Mercaptoethanol.................. 177 155 | 96 
Mercaptopropionic acid........... 177 167. |S «146 
Cysteinylglycine.................. | 181 160 | 115 
Riles bent chant hcn rasan | 190 150 | 89 


Cysteine ethyl ester............... | 205 122 63 





experiment, in the absence of both cysteine and Versene, the 
activity of VZ was 81 xX 104 moles of Pi; with Versene present 
at 10-° m it was 130 xX 104, and at 10-4 om the activity reached 
its maximal value in the presence of Versene, 158 x 104. In 
the presence of cysteine and absence of Versene the activity was 
190 x 104. Thus it appears that the enhancement of activity 
of muscle phosphorylase a by Versene is appreciably less than 
by cysteine, as was found to be the case for the phosphorolytic 
activity of brain homogenates (5). 

Effect of Thiols on Activity—In Table I are listed the activities 
of VZ assayed in the presence of six different thiols of relatively 
small molecular weight. Without preincubation all the thiols 
tested stimulated activity to a comparable degree; only with 
cysteine and cysteine ethyl ester was enhancement significantly 
greater than with the other compounds. With the exception of 
mercaptopropionic acid, the other thiols, like cysteine, tended to 
destroy activity of unprotected phosphorylase a during prein- 
cubation. It may be noted that it is the aminothiols, cysteine 
and cysteine ethyl ester, that had both the greatest inactivating 
effect during preincubation and also the greatest enhancing 
effect, when assayed without preincubation in the presence of 
AMP. 

Spectrophotometric Results—To find direct evidence of changes 
that occur when phosphorylase a is incubated in the presence of 
cysteine, the reaction was followed spectrophotometrically. 
Aliquots of a suitably concentrated solution of VZ were incubated 
in CB, pH 6.8, for 0, 1, and 3 hours, respectively, and at two 
temperatures, 0° and 38°. The absorption spectrum of the en- 
zyme before incubation was established by taking individual 
spectra of the cysteine-glycerophosphate solvent and of the 
solution of the enzyme in a Beckman model DU spectrophotom- 
eter, with water in the reference cell. These observations were 
repeated after intervals of 1 and of 3 hours, during which aliquots 
of the enzyme solution and of the solvent were incubated at 
both temperatures. In the main protein band results were 
erratic because of a small amount of unavoidable turbidity but 
at wave lengths longer than 300 my they appear to be meaning- 
ful. Fig. 4 shows three difference curves indicating the changes 
in spectra attributable to incubation. Curve A shows the minor 
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changes observed when the enzyme was incubated for 3 hours 
at 0° and indicates the magnitude of technical errors at this 
temperature. Curve B shows the relatively large difference 
values found when the enzyme was incubated for 1 hour at 38°, 
compared with the control experiment maintained at 0°. The 
high absorption in the region near 400 my is characteristic of 
pyridoxal-5-phosphate in Schiff base formation. Curve C shows 
the difference values found after incubation at 38° for 3 hours. 
Here a different type of change is seen; the spectrum is reminis- 
cent of the band known to be associated with pyridoxal-5-phos- 
phate in its native environment in the enzyme (6), and also of 
the model complex formed when pyridoxal-5-phosphate reacts 
with cysteine (7). 

Assay of Phosphorylase a—A semimicro method for estimating 
the activity of phosphorylase a was developed on the basis of the 
experiments described, patterned after the micro methods of 
Lowry et al. (8) for assaying, and reporting, enzymic activities. 
Fig. 5 shows that the reaction, measured as described, is linear 
with time of incubation and with concentration of enzyme. As 
in other methods, phosphorylase activity is measured by estimat- 
ing P;. The points at variance from the usual procedures (2, 3) 
are the following. (a) The enzyme is not preincubated. (0) 
The assay mixture is incubated for 15 minutes at 38°. (c) 
Versene, which replaces cysteine as additive to the glycerophos- 
phate buffer from which the final crystallizations are made and 
in which the enzyme is stored, is not added to the glycerophos- 
phate buffer used in the assay; cysteine, however, is present in 
the assay medium at a concentration of 1.5 X 10-2m. (d) The 
volume of the solution, absorbancy of which is read, is about 1 
ml. (e) The absorbancy of the colored solution is read in a 
spectrophotometer at 700 my, sufficient enzyme being used to 
give a reading between 0.2 and 0.7. (f) The color is developed 
in the presence of trichloroacetic acid, the e being 4000 and pH 
about 2.5 (5). (g) The reagent, freshly prepared for each experi- 
ment, contains catalytic amounts of cupric ion (9). (h) Trip- 
licate determinations are made of the absorbancy of reagent 
blanks, standards, unincubated controls containing all reactants, 
incubated controls in which either glycogen or enzyme is omitted, 
and the incubated reaction mixture. (7) Results are expressed 
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Fic. 4. Difference curves showing changes in absorbancy re- 
sulting from incubation of VZin CB, pH 6.8. Curve A, incubated 
3 hours at 0°; Curve B, 1 hour at 38°; Curve C, 3 hours at 38°. 
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Fig. 5. Linearity of the phosphorolytic reaction in the semi- 
micro assay system with concentration of enzyme and with time 
of incubation. VZ was assayed without preincubation in the 
presence of cysteine and AMP. Curve A, time of incubation, 20 
minutes; Curve B, 10 minutes. The initial concentrations in the 
assay mixture, pH 6.8, were as follows: glycogen, 1%; glucose 1- 
phosphate, 1.8 X 10-2 M; glycerophosphate, 2 X 107? m; 5’-ribo- 
adenylic acid (when present), 1 X 10-* m; phosphorylase a, 3 X 
10-° to 1 X 10°§ m. Measurements were made with accurately 
calibrated pipettes of demonstrated reproducibility, of the Lang- 
Levy type. The procedure is described in the text. 


as une number of moles of inorganic orthophosphate that would 
theorctically be liberated by 1 mole (500,000 g) of phosphorylase 
a from glucose 1-phosphate, if it were incubated for one hour at 
38° under conditions (as far as they are presently known) that 
elicit maximal activity. 

A series of tubes, 3-ml capacity, is set up in an effective ice 
bath and all reactants are ice-cold before and after mixing during 
the short time before the tubes are incubated. The reaction is 
started by adding 20 ul of a solution of the enzyme in cysteine- 
glycerophosphate buffer, pH 6.8, to 20 ul of substrate, pH 6.8. 
The tubes, capped with parafilm, are incubated for 15 minutes 
at 38°. They are returned to the ice bath and the reaction is 
arrested by adding 500 ul of ice-cold water. Each tube is vi- 
brated to effect thorough mixing both before and after the addition 
of 25 wl of 2 N trichloroacetic acid, and once more after the 
addition of 400 ul of a reagent similar to that of Fiske and Subba- 
Row (10). The reagent is freshly prepared shortly before use 
by dissolving in 7.5 ml of water 120 mg of a powder containing 
the reducing agent and adding 2.5 ml of a 2.5% solution of am- 
monium molybdate and 10 ul of a 1% solution of CuSO,4-5H.0. 
The powder contains in parts by weight: NaHSOs;, 95; Na.SOs, 
4.5; and purified 1-amino-2-naphthol-4-sulfonic acid, 0.5 (7). 


Action of Muscle Phosphorylase a in Vitro 
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The color is allowed to develop for 10 minutes at room tempera- 
ture before the absorbancy is read at 700 mu. With the reagents 
used in this laboratory the absorbancy of reagent blanks is 0.010, 
that of zero time controls an additional 0.006. 

Determination of Protein—A survey was made of methods 
suitable for rapid and accurate determination of protein in prep- 
arations of phosphorylase. The spectrophotometric method (11) 
has two inherent disadvantages, the changing spectrum of the 
enzyme and the large amount of enzyme required. In the pres. 
ence of a buffer containing cysteine the micro method of Lowry 
et al. (12) may be used only if the protein is precipitated to avoid 
interference from cysteine. The biuret method of Beisenherz 
et al. (13) proved suitable. Standards are made by dilution of 
a stock standard that is freshly prepared on the day of use from 
Armour’s cystalline bovine albumin, previously dried in a vac- 
uum over P.O;. Linearity of the reaction with both standards 
and enzyme is demonstrated with each determination of protein. 


DISCUSSION 


With cysteine in the assay mixture, the measured activity of 
phosphorylase a must represent a balance between the inactivat- 
ing effects of cysteine, salts, and heat and the activating or 
stabilizing effects of cysteine, glycogen, and AMP (when present), 
An unprotected enzyme loses activity whenever it is exposed to 
salts and cysteine; for example, when it is crystallized from, and 
stored in, a buffered medium containing cysteine. An enzyme 
that is incompletely protected, for example by glycogen, loses a 
small but significant percentage of its activity during preincuba- 
tion or assay in the presence of cysteine. The highest activity 
of VZ so far encountered, 200 x 104 moles of Pi, is doubtless 
appreciably less than the maximal activity of which the enzyme 
is capable because it was crystallized four times in the presence 
of salts and cysteine during its preparation. 

The loss of activity incurred on incubation of phosphorylase 
a in the presence of salts may be the consequence of loss of 
secondary structure; Versene protects against this type of loss. 
Protection by glycogen may, at least in part, be associated with 
the fact that it is a substrate, although glucose 1-phosphate 
failed to protect activity. Because the mode of bonding of AMP 
to the enzyme is unknown (14), the mechanism of its protective 
action is obscure. 

The similar effect on activity of six thiols having different 
physicochemical properties does not support the thesis that the 
charge conferred upon the enzyme by cysteine is responsible for 
its enhancement of activity. The dual effect of thiols may be 
rationalized by consideration of certain established facts and 
other well documented hypotheses. The spectrophotometric 
data of Kent et al. (6) for phosphorylase 6, and those of Fig. 4 
for phosphorylase a, correlate loss of activity with conversion of 
the pyridoxal phosphate residue of the native complex into a 
labile Schiff base and subsequent splitting of the prosthetic group 
from the protein. The apoenzyme is inactive, but regains ac- 
tivity when pyridoxal phosphate is restored to it (15). The 
latter is doubly bound to the protein, through its carbonyl car- 
bon, to the € amino group of a lysyl residue, and also to a second 
residue designated ““X” (16). Importantly, when Fischer et al. 
reduced the inactive, unstable Schiff base form of the enzyme 
with borohydride, the isolated product had maximal activity; 
the bonding of pyridoxal phosphate to its lysyl partner was 
stabilized and that to the X residue was broken. It is probable 
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that the X group is a peptide-bound cysteinyl residue bonded to 
the carbonyl carbon of pyridoxal phosphate through its sulfhy- 
dryl function; on dissociation of this bond, or reduction of the 
aldimine, a free sulfhydryl group would be generated (7). 

For maximal stimulation of the activity of phosphorylase a, 
the molar concentration of cysteine must be about six orders of 
magnitude greater than that of the enzyme, and a stabilizing 
agent must be present. It is expected that the reaction of the 
native pyridoxal phosphate-cysteine complex with massive 
amounts of added cysteine, like that with borohydride, would 
liberate the potential sulfhydryl group of the complex. It is also 
expected that the reaction with cysteine, unlike that with boro- 
hydride, would result in a highly unstable bonding of the pros- 
thetic group to the protein; unless this bonding were stabilized, 
pyridoxal phosphate would be split from the protein and activ- 
ity would be lost. 

Crystalline phosphorylase a, isolated in this laboratory from 
rabbit muscle, consistently shows 90 + 5% as much activity 
without as with AMP, when assayed within a day or two after 
the last of five or six crystallizations; this value falls slowly as 
the structure of the enzyme suffers increasing damage from con- 
tact with salts and cysteine. If phosphorylase a could be isolated 
from muscle and crystallized repeatedly without damage to its 
secondary and tertiary structures, it might be expected to have 
as much activity when assayed without as with AMP. This 
expectation is supported by the observation of Krebs et al. (17) 
that phosphorylase a, prepared enzymatically from crystalline 
phosphorylase 6 of rabbit muscle, has the same activity whether 
assayed in the presence or absence of AMP. It seems doubtful, 
therefore, that phosphorylase a has an intrinsic partial require- 
ment of AMP for maximal activity. 


SUMMARY 


1. Phosphorylase a, prepared from rabbit muscle and crys- 
tallized six times from a glycerophosphate buffer containing 
cysteine, loses activity more rapidly when stored in this medium 
at 4° in the presence of toluene vapor than does an aliquot of the 
same preparation in which Versene replaces cysteine in the last 
two crystallizations and storage media. 

2. Versene, glycogen, and adenosine 5’-phosphate all protect 
against loss of activity incurred when phosphorylase a is prein- 
cubated in the presence of buffer salts at pH 6.8 and 38°. 

3. Cysteine may either enhance or destroy the activity of 
phosphorylase a. In a buffered solution at pH 6.8 and 38° it 
destroys the activity of an unprotected enzyme, but doubles the 
activity of a protected enzyme. 
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4. Versene does not protect against loss of activity when 
cysteine is included in the preincubation mixture. Glycogen 
gives partial protection and adenosine 5’-phosphate almost com- 
plete protection against the destructive action of cysteine. Ver- 
sene does not enhance the activity of phosphorylase a to the 
same extent as does cysteine. 

5. A semimicro method, based in large part upon these ob- 
servations, is described in which the approach developed by 
Lowry is used. Incubation is at 38° for 15 minutes in the pres- 
ence of saturating amounts of substrates and addends.- Activ- 
ities are expressed as moles of inorganic phosphate liberated by 
1 mole of enzyme in 1 hour. 

6. The results are correlated with current knowledge and 
hypotheses relevant to the structure surrounding the prosthetic 
group, pyridoxal-5-phosphate. 
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It has been demonstrated that a-chymotrypsinogen (2) and 
chymotrypsinogen B (3) are present in approximately equal 
quantities in the juice collected directly from pancreatic duct 
fistulas of steers (4). The existence of both in their natural 
milieu rules out the suggestion that one may be an artifact made 
from the other (5). The two zymogens have strikingly different 
isoelectric points, but rather similar molecular weights. The 
activated forms obtained from these zymogens show qualita- 
tively identical specificity, but differ quantitatively in their 
ability to attack different substrates (cf. 6, 7). 

Preparations of chymotrypsinogen B, previously available, 
were contaminated either by active enzyme (3) or by neochymo- 
trypsinogens B! (10). In the present work, part of the prepara- 
tive procedure was carried out in the presence of diiosopropy! 
fluorophosphate, and preparations relatively free from both 
contaminants were obtained. 

These preparations were used to establish the amino acid 
composition of chymotrypsinogen B. Comparison with a-chy- 
motrypsinogen, for which three sets of data in good agreement 
are available (11-13), reveals significant differences, particularly 
in serine, lysine, proline, and the sulfur amino acids, ; 


EXPERIMENTAL PROCEDURE 


Chymotrypsinogen B—Meedom (14) showed that DFP? was 
effective in minimizing chymotryptic degradation of a-chymo- 
trypsinogen. 

The isolation of chymotrypsinogen B from fresh bovine pan- 
creas was carried through the first steps of the method previously 
described (3), which consisted of extraction with dilute H.SO,, 
and ammonium sulfate fractionation in acid medium. In the 
older method, after these steps, the solution was neutralized to 
pH 6.5, a procedure which, unfortunately, provided conditions 
for any active enzymes present to attack the zymogen. In a 
later modification (10), three times recrystallized preparations 
were chromatographed on carboxymethyl cellulose columns. 
This removed active chymotrypsin, but failed to separate neo- 
chymotrypsinogens. 

In the new procedure, after the fractionation in acid medium, 


* Supported by grants from the National Institute of Arthritis 
and Metabolic Diseases, National Institutes of Health, United 
States Public Health Service (A-535), and the National Science 
Foundation (NSF-G-2430). Two preliminary notes have ap- 
peared (1). 

1 The term ‘‘neochymotrypsinogen”’ was introduced by Rovery 
et al. (8, 9) to describe the inactive intermediates derived from 
a-chymotrypsinogen by the action of chymotrypsin. 

2 The abbreviations used are: DFP, diiosopropyl fluorophos- 
phate, DP-, diisopropylphosphoryl-. 


1 ml of a DFP* solution (1:10 in isopropanol) was added per 50 
ml of chymotrypsinogen solution immediately after neutraliza- 
tion to pH 6.5. The ammonium sulfate was added as described 
(3), and the mixture was centrifuged in a Servall refrigerated 
centrifuge, at 17,300 x g for 30 minutes. The precipitate wags 
dissolved in a minimal amount of water, kept at pH 4.0 by drop- 
wise addition of 1 N HCl, and dialyzed in the cold against 0.01 
M acetate buffer, pH 5.5. DFP solution was added both inside 
and outside of the dialysis sac. The product was crystallized 
only once, dialyzed against a large volume of 0.001 m HCl, and 
lyophilized. 

The preparations were tested for active chymotrypsin B, DP- 
chymotrypsin B, and neochymotrypsinogens B. Residual 
chymotryptic activity was determined by the casein method (3) 
and did not exceed 0.2% of the activity of a standard preparation 
of chymotrypsin B. Estimation of NH.-terminal isoleucine, 
the extra NH.-terminal group formed on activation (1), served 
as a determination of DP-chymotrypsin B; less than 0.01 mole 
was found by the Edman method on paper strips (15). The 
amount of COOH-terminal tyrosine (an indication of chymo- 
tryptic degradation) liberated by carboxypeptidase A,* was the 
criterion used to test for neochymotrypsinogen contamination. 
The batches used for analysis contained only 0.05 to 0.07 mole 
of COOH-terminal tyrosine® per mole of chymotrypsinogen B, 
Additional evidence that these were improved preparations of 
zymogen is that, after tryptic activation, they gave the most 
active chymotrypsin B ever obtained. A few of the batches, 
however, had to be discarded because of too high a content of 
COOH-terminal tyrosine (up to 0.34 mole). 

Other Proteins—Carboxypeptidase A was a crystalline product 
of Worthington Biochemical Corporation. The a-chymotryp- 
sinogen used for comparison in some of the determinations was 
a standard sample® specially prepared by Worthington (CG541). 


3 We are indebted to Dr. Edmund W. J. DeMaar of Merck Sharp 
and Dohme, West Point, Pennsylvania for this gift. 

4 Conditions—Chymotrypsinogen B, 0.1 zmole and carboxypepti- 
dase A,0.01 umole wereincubated for 1 hour at 25° in 0.25 ml of 0.05 u 
phosphate buffer, pH 7.8, containing DFP. The amino acids were 
adsorbed on a resin (16), eluted, separated by paper chromatog- 
raphy in butanol-acetic acid-water, 4:1:5 (17), and determined by 
the method of Heilman et al. (18). The error is estimated to be 
+10%. Under these conditions, COOH-terminal tyrosine is 
liberated completely in less than 30 minutes. 

6 While this paper was in preparation, another and probably 
better method of purification was described by Rovery et al. (19). 
The values for COOH-terminal tyrosine in these preparations, 
have not as yet been reported. We are indebted to Professor P. 
Desnuelle for allowing us to see his paper before its publication. 

6 We are grateful to Dr. C. H. W. Hirs for informing us of the 
availability of this preparation. 
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Analytical Methods—Standard amino acid solutions for the 
Spinco amino acid analyzer (CM-101 and CM-102) were obtained 
from Spinco Division, Beckman Instruments, Inc. Amino acids 
used as standards for the other determinations were from Schwarz 
Laboratories, Inc., “optically standardized” and Mann Re- 
search Laboratories, Inc., “assayed.” Those that were not 
chromatographically pure were recrystallized. 

Amino acids were determined by chromatography on Amber- 
lite IR-120 resins (20, 21), with a Spinco model 120 automatic 
recording amino acid analyzer. 

The lyophilized protein was equilibrated with air, and separate 
samples were taken for moisture determination (at 100° in a 
vacuum) and for hydrolysis. Calculations are on a dry weight 
basis. A sample of 15 to 20 mg was hydrolyzed with 4 ml of 
redistilled constantly boiling HCl in Pyrex tubes sealed in a high 
vacuum (22), and placed in boiling toluene (110.8°) for 7, 11, 
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16, 30, or 70 hours. The HCl was evaporated in a vacuum in a 
desiccator, and the residue was taken up in citrate buffer, pH 
2.2 (21), diluted to 10 ml, and filtered. From each hydrolysate, 
3 to 5 aliquots were analyzed on both the long and short columns. 

From the data obtained with the amino acid analyzer, mean 
values for each time of hydrolysis were plotted. The amino 
acids can be divided into three groups: 

1. Those giving constant values between 11 and 70 hours of 
hydrolysis: aspartic acid, glutamic acid, proline, alanine, methi- 
onine, glycine, and tyrosine. The arithmetic mean was used 
for the data given in Table I. 

2. Those for which values increased with time of hydrolysis: 
lysine, histidine, arginine, valine, isoleucine, leucine, and phenyl- 
alanine. The highest value, or the average of the constant part 
of the curve was taken. Typical curves are shown in Fig. 1. 

3. Those whose values decreased with time of hydrolysis: 


TABLE [ 
Amino acid composition of chymotrypsinogen B 


Total N is 16.2%. 
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* Average of all acid hydrolysates of native chymotrypsinogen B: 

> Average of 30- and 70-hour hydrolysates. For arginine, the va 
Fig. 1) and of the colorimetric (28) method (3.63%). 

¢ See ‘Results and Discussion.”’ 

¢From Table IT. 

* Average of 16-, 30-, and 70-hour hydrolysates. 

4 Fig. 1, 70-hour hydrolysate (3 determinations). 

° Includes allo-isoleucine (21). 


7, 11, 16, 30, and 70 hours. 
lue given is the average of the amino acid analyzer data (3.53%, 


* Insufficient number of determinations to calculate standard deviation. 
* Average of 5.76% (amino acid analyzer), 5.55% (naphthoquinonesulfonate method (27)), and 5.78% (acid-ninhydrin method (26)). 


i From Fig. 2. 


* Average of 5.27% (alkaline-stannite hydrolysis, colorimetric method (25)), and 5.21% (alkaline hydrolysis, amino acid analyzer). 


' Average of 2.18% (acid hydrolysis, amino acid analyzer) and 2. 


38% (alkaline stannite hydrolysis, colorimetric method (25)). 


™ Average of 14.9 residues/24,000 by acid hydrolysis (32) and 15.2 residues/24,000 by alkaline hydrolysis (85). Two preparations gave 


the same results. 


* Lysine and phenylalanine are counted as the next highest residues. By quantitative paper chromatography (17), 10.9 residues of 
lysine and 6.4 residues of phenylalanine were found. Phenylalanine is more likely to be low than high in both methods. 
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threonine and serine. The intercept for zero time was calculated 
for first and second order reactions by the Doolittle method (23). 
In both cases the second order curve (Fig. 2) was closer to the 
experimental values, although only for threonine was the differ- 
ence between first and second order curves significant. 

Performic acid-oxidized protein was used for the determination 
of cystine as cysteic acid, methionine as methionine sulfone, and 
aspartic acid. The procedure of Wilcox et al. (13) was followed. 

For tryptophan determination, 10 mg were hydrolyzed in 1 
ml of 5 n NaOH in a sealed evacuated tube for 20 hours in an 
oven at 102 + 2°. The hydrolysate was transferred with the 
citrate buffer to a 5-ml volumetric flask, neutralized in a cold 
bath with 5 n HCl, diluted to volume with buffer, and centri- 
fuged. The short column of the amino acid analyzer was used 
for the determination. 

In addition to the amino acid analyzer, several independent 
methods were used. Tyrosine and tryptophan were determined 
after alkaline stannite hydrolysis by the Lugg method (24, 25). 
Proline was determined by the acid ninhydrin (26) and nitrous 
acid-naphthoquinonesulfonate (27) methods of Troll and Linds- 
ley, arginine by a modified Sakaguchi reaction (28), and methi- 
onine by the Bolling method (29). a-Chymotrypsinogen was 
used as standard for the methionine determination in place of 
casein. For determinations (26-29), the protein was hydrolyzed 
with HCl as described above, but in an oven at 105 + 2° for 
16 and 30 hours. After evaporation of the HCl, the residue was 
taken up in water. Cystine was determined by a modified Folin 
phosphotungstic acid method (30) after HCl hydrolysis as above 
or urea-HCl hydrolysis (11). For all these methods, parallel 
determinations with a-chymotrypsinogen gave satisfactory 
agreement with the data in the literature (11-13). 

Total N was determined by the Kjeldahl method. Total S 
was determined by Dr. Adalbert Elek, Elek Micro Analytical 
Laboratories, Los Angeles, California. Sulfate S was determined 
gravimetrically (31). 

For the determination of amide groups, the protein was freed 
of any traces of ammonia by dissolving it in methanolic-0.1 Nn 
HCl and precipitating with anhydrous ether (32, 33). The 
method of Chibnall et al. (32), 3-hour hydrolysis with 2 n HCl, 
was used with the Conway technique; the ammonia was titrated 
iodometrically by a microscale modification of the method of 
Teorell (34). Stegemann’s procedure (35), alkaline hydrolysis 
in the presence of thioglycolate, was modified for use with Con- 
way plates. The solution (1 ml containing about 4.5 mg of 
chymotrypsinogen B), 1 ml of 10% thioglycolic acid in NaOH 
(35), and 1 ml of 10 n NaOH was placed in the outer rim, and 
1.5 ml of 0.03 n H.SO, in the center compartment; the closed 
vessels were allowed to stand for periods up to 100 hours at room 
temperature (approximately 23°). The ammonia in the center 
compartment was determined at intervals (with corresponding 
blanks) by the Nessler reaction. 

Carbohydrate was determined by the orcinol reaction for 
hexoses (36), the carbazole reaction (37), the thiobarbituric acid 
(38), and diphenylamine (36) tests for sialic acid, and the Elson- 
Morgan test for hexosamines, as described by Winzler (36). 


RESULTS AND DISCUSSION 


The data are compiled in Table I. Details of the times of 
hydrolysis used for each amino acid, and separate results by the 
various methods are given in the footnotes to Table I; correspond- 
ing values for the sulfur amino acids are given in Table II. 


Amino Acid Composition of Chymotrypsinogen B 
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Fie. 1. Amounts of valine, isoleucine, and arginine in acid hy- 
drolysates of chymotrypsinogen B as a function of duration of 
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Fig. 2. Amounts of threonine and serine in acid hydrolysates of 
chymotrypsinogen B as a function of duration of hydrolysis. 


Lines drawn are calculated second order curves from the experi- 
mental points shown (cf. text). 


On the basis of percentage composition, 95% of the protein 
weight and 96% of the total N of 16.2% is accounted for (Table 
I, Columns 3 and 4). Column 5, which gives number of residues 
per 100 g of protein, is included because the exact molecular 
weight of this protein is not known. The molecular weight 
previously determined (39) was of the order of 22,500. On the 
assumption of whole number of residues of amino acids present 
in smaller quantities (histidine, arginine, proline, lysine, iso- 
leucine, phenylalanine, and cystine), the molecular weight was 
calculated. The values thus obtained converged to 24,000, 
which was used for calculations of the figures in Column 6. 
When the figures are rounded to whole numbers, a total of 219 
residues is obtained. The sum of the residue weights comes to 
23,100 (96.3% of 24,000) which indicates approximately the same 
percentage of recovery that was based on total nitrogen. 

There are several factors which may account for the missing 
4% of the protein. Some of the amino acids of group 2 (Fig. 1) 
may have been underestimated. When the curve rises with 
time of hydrolysis, amino acid destruction, if it occurs simul- 
taneously, is overlooked. There is some uncertainty in the 
aspartic acid determination. The value given (10.4%) was 
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TaBLeE II 
Cystine and methionine determinations: accounting of total S 
Constituent Method of determination Amino acid As S$ 
d " 
ape | * 
Half-cystine As cysteic acid, amino acid 3.83 
analyzer? 
Phosphotungstiec acid 3.99 
method (30) 
Average 3.91 1.04 
Methionine Amino acid analyzer? 2.20 
Colorimetric (29) 2.54 
Average 2.37 0.51 
Inorganic sul- | Gravimetric 0.03 
fate 
Total sulfur By addition 1.58 
By elementary analysis 1.62 














* Cystine determinations on unoxidized protein with the amino 
acid analyzer were not very consistent. The highest value (after 
11 hours of hydrolysis) was 3.71%. 

> Average of 7-, 11-, 16-, 30-, and 70-hour hydrolysates of native 
chymotrypsinogen B. The oxidized protein yielded 1.91% as 
methionine sulfone plus methionine sulfoxides, in general confir- 
mation of the data given. 


taken from the hydrolysates of oxidized protein used for cysteic 
acid determination. Hydrolysates of native chymotrypsinogen 
yielded 9.7 %, with a slightly higher value at 7 hours. Krampitz 
(40) also used oxidized protein for aspartic acid determination, 
and other workers (cf. 22) have found destruction of aspartic acid 
during acid hydrolysis of proteins. Aspartic acid, glutamic acid, 
glycine, and alanine are present in comparatively large amounts. 
The selection of a correct value for the whole number of residues 
(16, 19, 20, and 21, respectively, in Table I) is subject to a con- 
siderable error, particularly so, since determinations of glutamic 
acid, glycine, and alanine were more variable than others. 

The incomplete recovery of amino acids (96%) may also be 
due partly to the presence of small amounts of carbohydrate in 
our preparations. The following tests for carbohydrate have 
been performed: (1) orcinol (36), (2) carbazole (37), (3) thio- 
barbituric acid (38), (4) diphenylamine (36), and (5) Elson- 
Morgan test for hexosamine (36). 

Small amounts of carbohydrate by Tests 1 and 2 were found 
in all tested preparations of chymotrypsinogen B originating in 
this laboratory. The orcinol reaction (Test 1) indicated approx- 
imately 0.5%, and the carbazole reaction (Test 2) about 1.6% 
carbohydrate calculated as hexose. However, Tests 3 to 5 were 
positive with preparations, which were crystallized only once 
(minimal content 0.02% with the preparations used for amino 
acid analysis; maximal content 0.08%, as hexosamine). The 
earlier preparations (10), which were crystallized several times 
and then chromatographed, were positive with Tests 1 and 2, 
but negative with 3 to 5. Therefore, the positive sialic acid 
and hexosamine tests are certainly due to contamination. 
Whether the carbohydrate indicated by Reactions 1 and 2 rep- 
resents an intrinsic part of the molecule or a persistent contam- 
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ination, cannot be decided at present. Parallel tests with a- 
chymotrypsinogen were all negative. 

To facilitate comparison with the amino acid composition of 
a-chymotrypsinogen, the data of Wilcox et al. (13) are included 
as Column 7 of Table I. Chymotrypsinogen B (Column 6) 
differs from a@ most significantly in the larger number of residues 
of proline, methionine, and arginine, and the smaller number of 
serine and cystine. In B, a few extra residues of glutamic acid 
replace aspartic acid of a. The considerable difference found 
in number of amide groups was anticipated from the difference 
in isoelectric points, approximately pH 9.4 for a and 5.2 for B 
(3). 


SUMMARY 


Chymotrypsinogen B was prepared by a modified procedure 
in which diisopropy] fluorophosphate was introduced to decrease 
contamination of the product with active enzyme and with 
chymotryptic degradation products of the zymogen. 

The amino acid composition of chymotrypsinogen B thus 
prepared was established with the aid of an amino acid analyzer, 
and confirmed by several independent colorimetric procedures. 
Based on a molecular weight of 24,000, 21 alanine, 5 arginine, 
19 aspartic acid, 8 half-cystine, 16 glutamic acid, 20 glycine, 2 
histidine, 8 isoleucine, 17 leucine, 11 lysine, 4 methionine, 7 
phenylalanine, 12 proline, 19 serine, 20 threonine, 6 tryptophan, 
3 tyrosine, and 21 valine residues, and 15 amide groups were 
found. 


Chymotrypsinogen B differs considerably from a-chymo- 
trypsinogen in total amino acid composition. 


Acknowledgments—We wish to thank Mr. Ernest Lee for 
assistance with the preparation of chymotrypsinogen B and 
Miss Ann Kosloske for assistance with the amino acid analyses. 


We are grateful for the interest and cooperation of Dr. Robert J. 
Peanasky. 


REFERENCES 


1. KassELL, B. anp Laskowsk1, M., Abstr. Meeting of Am. Chem. 
Soc., April, 1957, p. 68C; Federation Proc., 19, 332 (1960). 

2. Kunitz, M., anp Norturop, J. H., J. Gen. Physiol., 19, 991 
(1936). 

3. Laskowsk1!, M. in S. P. Cotowick anv N. O. Kapian (Ed- 
itors), Methods in enzymology, Vol. II, Academic Press, Inc., 
New York, 1955, p. 16. 

. KELter, P. J., Conen, E., anp Neuratu, H., J. Biol. Chem., 
233, 344 (1958). 

. VorosBiEv, V. I., Biokhimiya, 22, 651 (1957). 

. Fruton, J. S., J. Biol. Chem., 178, 109 (1948). 

. Wu, F. C., anp LaskowskI, M., J. Biol. Chem., 218, 609 (1955). 

. Rovery, M., Yosurpa, A. AND DESNUELLE, P., Biochim. et 
Biophys. Acta, 20, 404 (1956). 

. Rovery, M., Portroux, M., Yosuipa, A., AND DESNEULLE, 
P., Biochim. et Biophys. Acta, 28, 608 (1957). 

10. Laskowski, M., anD KassE.Lu, B., Acta Biochim. Polon., 7, 

253 (1960). 

11. Branp, E., anp KassE11, B., J. Gen. Physiol., 25, 167 (1941). 

12. Lewis, J. C., Snevu, N. S., Hirscumann, D. J., anD FRAEN- 
KEL-Conrat, H., J. Biol. Chem., 186, 23 (1950). 

13. Witcox, P. E., Conen, E., anp Tan, W., J. Biol. Chem., 228, 
999 (1957). 

14. Meepom, B., Biochim. et Biophys. Acta, 31, 260 (1959). 

15. FRAENKEL-ConratT, H., Harris, J. I., anp Levy, A. L., in 
D. Guick (Editor), Methods of biochemical analysis, Vol. IT, 
Interscience Publishers, Inc., New York, 1955, p. 393. 

16. GuapNER, J. A., AND Neuratu, H., J. Biol. Chem., 205, 345 
(1953). 


COnT SD Cr — 


o 








2000 


17. 
18. 


24. 
25. 
26. 
27. 
. Brann, E., anp KassE.u, B., J. Biol. Chem., 145, 359 (1942). 
29. 


PARTRIDGE, S. M., Biochem. J., 42, 238 (1948). 
HEILMAN, J., BARROLLIER, J.. AND WaTzkE, E., Hoppe- 
Seyler’s Z. physiol. Chem., 309, 219 (1957). 


. Rovery, M., Guy, O., anp DEsNUELLE, P., Biochim. et Bio- 


phys. Acta, 42, 554 (1960). 


. Moors, S., SpackMAN, D. H., anp Stern, W. H., Anal. Chem., 


30, 1185 (1958). 


. SpACKMAN, D. H., Stein, W. H., anp Moors, S., Anal. Chem., 


30, 1190 (1958). 


. Hrs, C. H. W., Stern, W. H., anv Moore, S., J. Biol. Chem., 


211, 941 (1954). 


. ANDERSON, R. L., AND Bancrort, T. A., Statistical theory in 


research, McGraw-Hill Book Company, Inc., New York, 
1952, p. 197. 
Luae, J. W. H., Biochem. J., 31, 1422 (1937); $2, 775 (1938). 
BRAND, E., AND Kasse, B., J. Biol. Chem., 181, 489 (1939). 
TROLL, W., AND Linps.Ley, J., J. Biol. Chem., 215, 655 (1955). 
TROLL, W., J. Biol. Chem., 202, 479 (1953). 


BotuinG, D., in R. J. Bock anp D. Botuina (Editors), The 


Amino Acid Composition of Chymotrypsinogen B 


30. 
31. 
32. 
33. 


34. 
35. 


36. 


38. 
39. 


Vol. 236, No.7 


amino acid composition of proteins and foods, Ed. 2, Charles 
C Thomas, Springfield, Illinois, 1951, p. 221. 

KassELL, B., AND BRAND, E., J. Biol. Chem., 125, 115 (1938), 

KassELL, B., AND Brann, E., J. Biol. Chem., 125, 145 (1938), 

CHIBNALL, A. C., Manaan, J. L., anp Ress, M. W., Biochem, 
J., 68, 111 (1958). 

Swatiow, D. L., anp ABRAHAM, E. P., Biochem. J., 72, 36 
(1959). 

TEORELL, T., Acta Med. Scand., 68, 305 (1928). 

STEGEMANN, H., Hoppe-Seyler’s Z. physiol. Chem., 315, 137 
(1959). 

WinzLeER, R. J., in D. Guick (Editor), Methods of biochemical 
analysis, Vol. IIT, Interscience Publishers, Inc., New York, 
1955, p. 279. 


9 


. Hotzman, G., MacAuutster, R. V., anp Niemann, C., J, 


Biol. Chem., 171, 27 (1947). 

WarREN, L., J. Biol. Chem., 234, 1971 (1959). 

Smit, E. L., Brown, D. M., anp Lasxowsk1, M., J. Biol. 
Chem., 191, 639 (1951). 


. Kramptitz, D., Experientia, 18, 239 (1957). 


Tue Jo 


| 


In 1 
of hur 
starch 
modifi 
was in 
these ! 
tein fr 
the pr 
ods hs 
prepar 
cally ¢ 
other | 
applic: 
ing pre 
electro 
(3) an 
their s 

Lati 
parisol 
species 
at leas 
perime 
these z 
of the 
electro 
tional 

adequs 
separa 

presen 





In t 
serum 
of the 

animal 

Farms 

larin a 
from t] 
capitat 
rapidly 
amined 
that th 


*Th 
} search 


XUM 


10. 7 


arles 
938), 
1938), 
chem. 


, 362 


» 137 


mical | 


York, 


ae 


Biol. 


Tue JOURNAL oF BroLocicaL CHEMISTRY 
Vol. 236, No. 7, July 1961 
Printed in U.S.A. 


Starch Gel Electrophoresis of Rat Serum Proteins 


| I. PROCEDURE AND DESIGNATION OF COMPONENTS* 


In 1955, Smithies (1) described a procedure for the separation 
of human serum proteins by horizontal zone electrophoresis in 
starch gels. The separation of zones was improved by a later 
modification to a vertical electrophoresis in which the sample 
was inserted in the gel, free from supporting medium (2). With 
these methods, it has been demonstrated that many more pro- 
tein fractions can be separated from human sera than by any of 
the previously accepted electrophoretic procedures. The meth- 
ods have been widely applied in the investigation of enzyme 
preparations, biological preparations, and in the study of geneti- 
cally controlled variations in serum proteins of the human and 
other animals. Smithies (3) has reviewed some of the many 
| applications of starch gel electrophoresis, and the factors affect- 
ing protein migration in starch gels. The protein zones seen after 
electrophoresis of human sera have been identified by Smithies 
(3) and others in terms of their mobilities on filter paper and 
their specific properties. 

Latner and Zaki (4) used starch gel electrophoresis in a com- 
parison of animal sera, including that of the rat. Marked 
species differences were evident. In detailed studies of rat sera, 
j at least fourteen protein zones can be distinguished. Before ex- 
perimental and other factors affecting the relative intensity of 
these zones can be discussed, a suitable, descriptive designation 
of the zones must be formulated. The nomenclature used in the 
electrophoresis of human sera (3) is not suitable. The conven- 
tional designation of albumin and four globulin fractions is in- 
adequate. Such a reference designation of rat serum proteins, 
separated by starch gel electrophoresis, is formulated in the 
present paper. 





EXPERIMENTAL PROCEDURE 


Materials and Methods 


In the present studies, more than two hundred individual 
serum samples have been examined. Most of the rats used were 
of the Wistar strain from the Carworth Farms colony; a few 
animals of the same strain were obtained from the Woodlyn 
Farms colony. The pattern of serum proteins seemed to be simi- 
larin animals from eithersource. Inall cases, blood was collected 
from the neck in petrolatum-coated tubes after stunning and de- 
capitation. After clotting and centrifugation the serum was 
rapidly frozen and stored in sealed tubes at — 10 to — 15° until ex- 
_ amined electrophoretically. Preliminary investigation revealed 

that there was no change in the electrophoretic pattern of rat 
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serum proteins stored under these conditions for several months. 
The rats were normally fasted for 18 hours before killing, al- 
though comparison of fasted and unfasted rat serum samples 
revealed no consistent differences. The rats used in these studies 
had been subjected to a variety of dietary and experimental 
histories; these will not be discussed here. 

Vertical starch gel electrophoresis was carried out in equip- 
ment similar to that described by Smithies (2). With rat sera 
it was found that a sample slot approximately 0.4 mm thick 
was preferable to the 0.75-mm slot used by Smithies for human 
sera. Rat serum causes a breakdown of the starch gel at the 
point of entry, perhaps because of an amylase moving toward 
the anode. The use of the thin sample slot (and, hence, a smaller 
sample) minimizes the breakdown of the starch gel and also 
permits sharper resolution of the protein zones in the starch 
gel. The starch gels were made up with borate buffer,’ with a 
final pH of about 8.5, and electrophoresis was carried out for 18 
hours at a potential gradient of 4 to 4.5 volts per cm. With 
this potential, only moderate heating of the gels took place and 
there was very little distortion of the bands. 

Filter paper electrophoresis was carried out in a simple moist 
chamber apparatus. Samples of 6 ul of serum were placed on 
strips of Schleicher and Schuell 598-YD filter paper, 0.5 em x 
35 cm, and electrophoresis was carried out for 18 to 20 hours at 
a potential gradient of 3.5 volts per cm. The buffer used in 
most studies was composed of 0.048 m sodium acetate, 0.048 m 
sodium barbital, and 0.0073 m hydrochloric acid, pH 8.6. 
Under these conditions five protein zones could be distinguished 
in normal rat sera. The barbital buffer with added calcium of 
Laurell et al. (5) gave a wider separation of the protein zones, 
but seemed to offer little advantage, for our purposes, over the 
barbital-acetate buffer described above. It was used only to 
confirm the findings with the barbital-acetate buffer. Filter 
paper strips were stained with Amidoblack 10B. 

When samples were examined by means of two-dimensional 
filter paper-starch gel electrophoresis, 6-ul aliquots of serum 
were separated on filter paper as described above. Duplicate 
separations were carried out. One strip was stained to locate 
the protein zones. This portion of the unstained strip was cut 
out of the paper and inserted in a cut in the starch gel at right 
angles to the direction of the current flow (6). A small piece of 
filter paper wetted with the serum was also inserted next to the 
electrophoresis strip; this served as a reference pattern on the 


1 The starch used was “Starch Hydrolysed for Gel Electro- 
phoresis,’’ Connaught Medical Research Laboratories, University 


of Toronto. The gel buffer strengths were specified for each lot 
of starch. 
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gel. For these studies it was possible to cast the gels in simple 
molds of approximately 12 x 15 xX 0.6 cm in size. Electro- 
phoresis was carried out in a horizontal manner (1) for 6 hours 
at a potential of 5 to 5.5 volts per cm; the gel composition was 
as described for horizontal gels. 

After electrophoresis, the gels were sliced horizontally to give 
two halves 0.3 cm thick. Protein zones were detected by stain- 
ing with saturated Amidoblack 10B in a dye solvent of 50:50:10, 
methanol-water-glacial acetic acid. Staining was carried out 
for 4 minutes, taking care to stain only the cut surface. A 
semitransparent gel was obtained by washing in a solution of 1% 
aqueous acetic acid recirculated through charcoal to remove the 
dye, followed by a period of 2 to 3 days of standing in the acetic 
acid to remove further dye from the gel. The gels were viewed 
by transmitted light. This procedure permitted the detection 
of protein zones not readily visible in the opaque gel, obtained 
by washing in the methanol dye solvent. 

The presence of iron was detected by staining one-half of the 
gel for 15 minutes in an aqueous solution of 1% hydroxylamine 
hydrochloride, 2.7% sodium acetate (-3H,O), 0.5% Nitroso R 
salt, and 1.5% glacial acetic acid. The stained gels were washed 
with the methanol dye solvent for 3 to 4 hours. Iron stained 
as a light green color. 

Lipid material was detected by staining half of the gel, over- 
night, with a mixture of 1 part saturated oil red O or oil blue N 
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Fie. 1. Schematic presentation of the results of two-dimen- 
sional filter paper-starch gel electrophoresis. The suggested 
designation of protein zones is: a, y-globulin; b, slow a2-globulin; c, 
slow a;-globulin; d, post transferrin; e, transferrin II; f, trans- 
ferrin I; g, fast a2-globulin; h, fast a,-globulin; 7, post albumin 
IV;j, post albumin III; k, post albumin II; 1, post albumin I; m, al- 
bumin; 7, prealbumin. 

Zones o and p seen in two-dimensional electrophoresis are not 
seen in one dimensional electrophoresis; they are masked by fast 
a-globulin. Zones b’ and c’ are not seen unless the serum is 
inserted in the gel on filter paper; they are probably derived from 
zones b and c. 
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in methanol and 1 part 20% 
lipid-containing zones were seen as reddish or bluish bands on g 
white background. 


Hemoglobin was detected by staining with a solution of 200 | 


mg of benzidine (dissolved in minimal methanol) and 0.4 ml of 
30% hydrogen peroxide in 200 ml of 0.2 m sodium acetate, 0.2 
M acetic acid. After 1 to 2 hours of staining, followed by wash- 
ing with water, hemoglobin was seen as a black zone. 

In all cases where the detection of iron, lipid, or hemoglobin 
was carried out by staining procedures, the cut surface of one. 
half of the gel was stained for protein and the other cut surface 
was stained for the material in question. It was possible to 
make direct comparison of the protein and other zones and, 
hence, to locate the iron, lipid, or hemoglobin in terms of the 
protein zones. 

It should be noted that gels stained with Amidoblack may be 
wrapped in moisture-proof plastic and stored under refrigera- 
tion. If they are not frozen, they undergo very little change 
and may be kept for future reference. Gels treated with other 
stains are not as stable. 


RESULTS AND DISCUSSION 


Preliminary studies revealed that the electrophoretic condi- 


tions and gel composition described for use with human sera | 


(2), with the aforementioned reduction of sample size, gave a 
sharp resolution of the majority of rat serum protein zones. 

The majority of samples were examined only by vertical starch 
gel electrophoresis. By this procedure, at least fourteen distinct 
zones could be detected. In horizontal gels, the protein zones 
were not as sharply resolved; however, it appeared that as many 
zones were distinguishable in horizontal gels as in vertical gels. 
This is not the case with human sera (2). 

Fig. 1 is a composite drawing representing the location of 
protein zones after two-dimensional electrophoresis of rat sera. 
By means of the two-dimensional electrophoresis depicted, the 
relationship between the migration on filter paper and in starch 
gels can be observed. It should be noted that not all of these 
zones would be readily visible with a single serum sample, nor 
would their relative intensities always be the same. 

A designation of the various protein zones is also shown in 
Fig. 1. This system of identification has been based on the 


accepted nomenclature of moving boundary and filter paper | 


electrophoresis combined with the relative rates of migration in 
starch gels. It can be seen in Fig. 1 that more protein zones 
are detectable in two-dimension than in one-dimension gels. 
@-, @-, and 6-globulins which move at the same rate in starch 
gels would appear as a single zone. In these cases, the designa- 
tion is based on the component which usually stains with the 
greatest intensity. In addition to the zones depicted in Fig. 1, 
an additional zone, probably a lipoprotein, has been observed 
between the sample slot and the slow a:globulin zone. This 
has been seen only in the sera of very young rats under the age 
of 2 weeks. Some of the characteristics of the various protein 
zones are described below. 

+-Globulin—This zone, adjacent to the sample slot and mi- 
grating toward the cathode, is diffuse. Often, one or more 
sharp narrow zones have been seen within the larger zone. 

Slow a2-Globulin—In normal adult rats studied in this series, 
this zone was not detectable. It was seen only in pregnant, 
very young, and tumor-bearing rats (7, 8). A similar zone was 
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observed in two rat serum samples submitted from elsewhere; 
these animals were of unknown genetic background and had 
undergone a variety of experimental treatments. 

Slow o-Globulin—This intensely staining band which has 
been seen in every rat serum studied to date shows very little 
individual variation. Lipid material can be demonstrated in 
this zone. In the normal adult rat, it is the only zone that 
suggests specific lipid-binding. A more diffuse, slower migrating 
lipid-binding zone can be seen in very young rats. Slow a- 
globulin is probably a lipoprotein. Biserte et al. (9) have de- 
scribed the presence of a lipoprotein of rat sera migrating in the 
area of a-a2-globulin in agar gel electrophoresis. 

It should be noted that, when serum samples were placed on 
filter paper before insertion in the starch gels, additional diffuse 
areas of stainable material appeared adjacent to both the slow 
a- and slow a2-globulin zones, migrating a bit more slowly. 
This effect is depicted in the two-dimensional portion of Fig. 1 
(zones b’ and c’). These may represent proteins having slightly 
different properties than those remaining in the respective slow 
a- and slow a2-globulin zones. They are not detectable when 
serum samples are inserted free from suspending medium. A 
similar effect has been noted in human sera (1). 

Post Transferrin—This is an indistinct and variable zone mi- 
grating more slowly than transferrin II. It is named solely by 
location and slows no iron-binding property. 

Transferrin I and II—These zones migrate as 6-globulin on 
filter paper electrophoresis. The proteins of these zones specifi- 
cally bind iron added to the serum before electrophoresis (0.6 mg 
of iron/100 ml, as ferrous ammonium sulphate) and the name 
transferrin has been applied in agreement with the nomenclature 
for human sera. In the human, this iron-binding protein is also 
known as siderophilin (10). No other zones show iron-binding 
properties. The relative intensities of these zones are variable, 
but both zones have always been present in adult sera. The 
presence of two 8-globulins in rat sera has also been suggested 
by Biserte et al. (9). 

Fast o1-Globulin—Although this zone is subject to variation 
in intensity, it is one of the most distinct zones seen in rat sera. 
Hemoglobin also migrates in this region, but there is no indica- 
tion that this protein binds hemoglobin added to the serum 
before electrophoresis as do the haptoglobins of human sera (3). 

Post Albumins I-IV—The post albumins are the most varia- 
ble in intensity of any of the detected zones. They are not de- 
rived from the albumin fraction but rather from the a:- and 
a;globulin fractions; the name is used only to designate loca- 
tion. Post albumins II and IV are normally the most distinct 
of this group of proteins. In some samples, post albumin IV 
appears to separate into two zones; under the conditions of this 
study, usually only one zone is detectable. 

Albumin—This large, deeply staining zone is the fastest mi- 
grating zone on paper and is preceded by only one small zone in 
starch gels. A gradation in the intensity of staining suggests 
that there may be two protein zones migrating in close proximity 
to each other. Decreasing the staining time and, hence, the 
over-all intensity of staining accentuates this gradation. The 
possibility of two albumin fractions has also been suggested by 
other workers (11, 12) using the Tiselius procedure. 

Prealbumin—The rather indistinct zone preceding albumin in 
starch gels is subject to variation in intensity and is frequently 
difficult to demonstrate. 
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As already noted, more zones can be detected in two-dimen- 
sional gels than are apparent in normal vertical electrophoresis. 
These faint zones migrate at the same rate, in starch gels, as do 
stronger zones, and hence are masked in vertical electrophoresis. 
In a few sera, the post transferrin zone appears to be derived in 
part, at least, from a protein migrating as a;-globulin rather than 
a-globulin on filter paper. ‘Fast a-globulin” undoubtedly 
contains some protein migrating as 6-globulin on filter paper. 
Similarly, “post albumin II” (a2) contains a small amount of 
an a:-globulin. It is possible that, under certain experimental 
conditions, the relative proportions in these mixed zones may 
undergo change. 


CONCLUSIONS 


Examination of rat serum and plasma by moving boundary, 
filter paper, and agar gel electrophoresis has suggested the pres- 
ence of at least six and possibly seven demonstrable protein 
fractions. Early studies with Tiselius apparatus have given 
variable separation of the fractions. Thus, Moore et al. (13) 
and Moore (14), working at pH 7.4, detected only albumin, 
B-, and y-globulin; at pH 8.5, one well defined a-globulin and a 
suggestion of a second a-globulin were described. Mackay 
(15), working at pH 8.0, and Deutsch and Goodloe (11), working 
at pH 8.6, were unable to demonstrate more than one a-globu- 
lin, although the patterns shown by Deutsch and Goodloe sug- 
gest the presence of an additional a-globulin. Li (16), working 
at pH 8.5, described a small peak between albumin and a-globu- 
lin which might constitute a second a-globulin. All of these 
workers, except Deutsch and Goodloe, described the presence 
of single zones for albumin, 6-globulin, and y-globulin. Deutsch 
and Goodloe (11) failed to resolve @-globulin; however, they did 
describe a separate component migrating ahead of albumin. 
Halliday and Kekwick (12), working at pH 8.0, described the 
presence of two albumin fractions and two a-globulin fractions. 
In a study of the effect of age, these workers noted that albumin; 
fell to quite low relative concentrations in older rats, as did also 
the a-globulin, particularly a-globulin. 

Filter paper electrophoretic studies by Biserte et al. (9) re- 
vealed a single albumin, a-, @-, B-, and y-globulin with veronal 
buffer; with Tris-ethylenediaminetetraacetate buffer their re- 
sults suggested a third a-globulin. Electrophoresis of rat serum 
in agar gels (9) yielded evidence of a prealbumin, as well as one 
¥1-, two y2globulin fractions, and two 8-globulin fractions. 

In reported studies of rat serum proteins, various workers 
have described two albumin zones (12), three a-globulin zones 
(9), two 6-globulin zones (9), and one y-globulin zone. The 
methods used in these studies have included moving boundary, 
filter paper and agar gel electrophoresis; in addition, the buffer 
composition has varied. Not all of the above zones have been 
detected by a single procedure. In contrast, the studies with 
vertical starch gel electrophoresis suggest the presence of two 
albumin zones, ten a-globulin zones (5 designated a; and 5 
designated a), two 6-globulin zones (transferrins), and one or 
more y-globulin zones. Most of these zones may be demon- 
strated in a single electrophoretic pattern. It is likely that, by 
varying the conditions of electrophoresis, further separation of 
some zones with combination of other zones could be obtained. 
In addition, two-dimensional filter paper-starch gel electro- 
phoresis suggests the presence of even more zones. 

In view of the complexity of this electrophoretic pattern, it is 
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apparent that a descriptive nomenclature for the zones is needed. 
The pattern obtained with rat sera is quite different from that 
obtained with human sera. Although it has been possible, in 
filter paper and moving boundary electrophoresis, to use a 
simple nomenclature applicable to all species (11), this does not 
appear to be suitable for starch gel electrophoresis. The nomen- 
clature devised by Smithies (3) and others for human serum 
protein patterns is not applicable to the rat. It is, however, 
helpful to retain a relationship to the existing and widely recog- 
nized designation of albumin, a-, a2-, 8-, and y-globulin for 
purposes of comparison. For these reasons, a designation based 
on the existing nomenclature and the relative mobilities of the 
protein zones was devised (Fig. 1). As the properties of these 
various protein zones are elucidated, a more accurate nomen- 
clature (e.g., transferrin) can be substituted. 

Smithies (3) has stressed the great influence of molecular 
weight and configuration in the control of human serum protein 
migration in starch gels. Proteins migrating through the col- 
loidal structure of the starch gel are impeded in proportion to 
molecular size in starch gels. Confirmation of this hypothesis 
for rat serum proteins will have to wait until the various proteins 
have been separated and their molecular sizes determined. 

Many of these zones are subject to variation in intensity 
under a variety of experimental conditions. Factors influencing 
the relative intensities of the protein zones will be the subject 
of future papers. 


SUMMARY 


A vertical starch gel electrophoresis method of Smithies has 
been modified for the examination of rat sera. By this proce- 
dure fourteen distinct protein zones can be identified. Two- 
dimensional filter paper-starch gel electrophoresis gives evidence 
of at least three more zones. A suggested designation of these 
zones, referred to the accepted nomenclature of albumin, a-, 
a-, B-, and y-globulin, is described. 
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Addendum—During the publication of this paper, Espinosa (1) 
published the results of examination of rat serum proteins by 
starch gel electrophoresis. He described the presence of 17 zones 
in two-dimensional electrophoresis, using Tris-EDTA buffer for 


- the filter paper electrophoresis. The zone designated “slow a:- 


globulin” was not observed by Espinosa in normal adult male 
rats. 
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Vertical starch gel electrophoresis of human serum, by the 
procedure of Smithies (1), permits the separation of many more 
protein zones than by conventional procedures. This method 
has been modified for application to rat sera (2). In preliminary 
observations it was noted that a protein zone derived from the 
a:globulin fraction could be detected in sera from pregnant, 
tumor-bearing, or very young rats, but not in sera from normal 
adult rats. This paper reports these studies in detail and de- 
scribes some of the other alterations noted in these conditions. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Wistar strain rats from the Carworth and Woodlyn farm 
colonies were used. In studies of young rats, the animals were 
reared in our laboratory from the aforementioned stock. The 
animals were fed either a 20% casein-, 20% corn oil purified 
diet (3) or a commercial ration.1_ The animals were maintained 
in screen-bottomed cages at approximately 24° and were sup- 
plied with food and water ad libitum. All animals, except the 
very young, were fasted for 18 hours before killing by stunning 
and decapitation. Neck blood was collected in petrolatum- 
coated centrifuge tubes, allowed to clot, and centrifuged. Ina 
few animals blood was collected in a similar manner from the 
tail. Separated sera were stored in the frozen state until studied 
electrophoretically. The procedure of electrophoresis and the 
designation of the protein zones was as described previously 
(2). Preliminary studies revealed no consistent differences in 
the serum proteins between rats fed the 20% casein-, 20% corn 
oil diet and those fed the commercial ration. For this reason, 
the experimental results obtained with either of these diets 
have been combined in the following considerations. 


RESULTS 


A. Pregnancy—Forty normal pregnant rats were killed at 
various intervals during gestation. In addition, tail blood 
samples were obtained at weekly intervals from five pregnant rats. 
The stage of pregnancy was dated from day on which sperm 
was detected in vaginal smears. Sera from these animals were 
compared to each other and to those from comparable non- 
pregnant animals after simultaneous electrophoresis on the same 


*These studies were supported by research grants from the 
National Cancer Institute of Canada and from the National 
Research Council of Canada. 

' Master Fox Breeding Cubes, Toronto Elevators. 


starch gel. In spite of a large degree of individual variation, 
the general changes which occur during pregnancy can be sum- 
marized as shown in Fig. 1A. In every pregnant rat studied 
at term, a strong slow a-globulin zone was observed. It first 
appeared between the 10th and 12th days of gestation and 
thereafter increased in intensity until term (22 days). There 
was no change in the position of the zone during this time. 
After parturition, the intensity of the zone diminished and it 
was no longer visible 1 week post partum. The rate of disap- 
pearance was similar in lactating and nonlactating rats. 

Among the other changes in serum proteins noted during 
normal pregnancy was a marked fall in the amount of albumin, 
probably reflecting hemodilution. A slight lowering in trans- 
ferrins I and II and post albumin I was also noted in some, but 
not all, of the animals. On the other hand, fast a:-globulin and 
post albumin IV increased as pregnancy progressed. All of 
these changes had returned to normal within 3 to 4 weeks post 
partum. Some of the animals exhibited definite bands in the 
y-globulin region; however, this appeared to be an effect of in- 
dividual variation rather than a result of pregnancy. 

To further investigate these changes, 15 pregnant animals 
were divided into groups and subjected to one of three proce- 
dures: (a) laparotomy (control), (6) removal of the fetuses, 
leaving the placentas intact, or (c) removal of the fetuses and 
placentas. A fourth group of nonpregnant rats underwent 
laparotomy. These operations were carried out by the proce- 
dure of Pritchard and Huggett (4), on the 16th day of gestation. 
Pregnant animals from which only the fetus was removed con- 
tinued to gain weight (+22 g), although not as much as the 
intact pregnant rats (+49 g); the difference could be accounted 
for by the fetal weight. When both the fetuses and the pla- 
centas were removed the animals lost weight (—6 g). An ex- 
amination of the proteins of sera obtained on the 21st day of 
gestation revealed no differences between the rats which had 
undergone a complete cesarean operation (c) and the nonpreg- 
nant control rats; there was no evidence of a slow a--globulin 
zone. On the other hand, leaving the placentas in situ after 
removal of the fetuses (6) permitted the development of the 
normal pattern of serum proteins of pregnancy, including a 
strong slow ae-globulin zone. In one animal, only a single 
placenta was left in situ; this animal exhibited the slow a2-globu- 
lin zone. 

Restriction of dietary protein to 5%, by the substitution of 
sucrose for protein in the 20% casein diet, from the beginning 
of gestation, led to a slight decrease in the intensity of most of 
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Fig. 1A. (left side) Serum protein changes in pregnant and in 
young rats; B (right side), serum protein changes in rats bearing 
the Novikoff hepatoma. Designation of zones: A, y-globulin; 
B, slow a2-globulin; C, slow a;-globulin; D, post transferrin; E, F, 
Transferrin II, I; G, fast a2-globulin; H, fast a,-globulin; J, J, 
K, and L, post albumins IV, III, II, and I; M, albumin. 


the protein zones; a similar effect was seen in nonpregnant ani- 
mals. It did not prevent the appearance of slow a2-globulin at 
the normal time in pregnant rats. Although fast a:-globulin 
was lower than in animals fed the high protein diet, it still in- 
creased during pregnancy; albumin fell to a greater extent than 
was seen with the higher protein intake. 

In another study, cortisone? was administered subcutaneously 
in a dosage of 12.5 mg per day from the 8th to the 20th days of 
gestation. On the 21st day it was found that fast a-globulin 
and the post albumins, especially IV, were lower than in normal 
pregnant rats. Similar effects were seen in nonpregnant rats. 
There was no effect on the slow a2-globulin. 

The subcutaneous administration of another protein catabolic 
agent, glucagon,’ in a divided dose amounting to 0.5 mg per 
day, during the last 10 days of gestation, also failed to prevent 
the appearance of the slow a:-globulin. Most of the other 
protein zones were appreciably reduced by this procedure. The 
fall in albumin was particularly marked. It was noted that post 
albumins I and II were increased slightly. Under this treat- 
ment even the pregnant rats lost weight, although they did not 
abort. 

B. Young Rats—Sera of rats at ages 3, 1, 2, 6, 10, 15, 20, 35, 
and 42 days were examined electrophoretically. At least four 
animals were studied at each age. These animals were left in 
the litters and no attempt was made to induce early weaning. 
Weaning normally takes place at about 3 weeks; no attempt was 
made to record the exact time of weaning. The appearance of 
the serum protein pattern of rats 1 and 15 days old is shown in 


2 A saline suspension of ‘‘Cortone Acetate’’ (courtesy of Merck 
and Company, Inc.), lot KE-215, was used. 

’ Glucagon was supplied by Dr. A. M. Fisher, Connaught 
Medical Research Laboratories, University of Toronto. 
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Fig. 1A. A very strong slow a:-globulin zone is present at 
birth. This zone rapidly diminishes in intensity and has dis- 
appeared by 35 days post partum. The other zones are quite 
weak at birth and many could not be detected. The post trans- 
ferrin zone first appeared at about 2 weeks. The post albumins 
appeared between 2 and 3 weeks. In addition to the zones 
shown in Fig. 1A, a lipid-staining zone migrating between the 
entry slot and slow a-globulin was seen during the first 10 days 
of life. By 6 weeks the sera of young rats generally resembled 
that of the adult, although the intensity of some zones was still 
slightly less than in older animals. 

C. Tumor-Bearing Rats—Rats bearing the transplantable 
Novikoff hepatoma usually die on the 7th to 10th day after 
injection. In an examination of the sera of 15 male rats killed 
on the 7th day after transplantation of the tumor, it was found 
that every serum contained a slow a--globulin fraction. Ten 
rats were injected with a suspension of tumor tissue (5). One 
animal was killed each day after transplantation and the sera 
were examined. A diagrammatic presentation of the results 
is shown in Fig. 1B. An indication of the extent of tumor 
growth is given at the bottom. In spite of the individual varia- 
tion in the intensity of the protein zones, as shown in the draw- 
ing, certain changes can be associated with the development of 
the tumor. Slow a2-globulin was first seen on the 6th day, 
about the time that rapid tumor growth commenced. It was 
also noted that albumin and fast a,-globulin fell very markedly 
in the later stages of tumor growth. In this study, and in the 
sera examined on the 7th day, a slight increase in the intensities 
of post albumins IT, III, and IV was noted. Again, no signifi- 
cance can be attached to the presence of definite bands in the 
y-globulin region of some rat sera. 

In another study, adult male rats were given four subcutane- 
ous injections in the right thigh of 2 mg of methylcholanthrene 
in 1 ml of lard (5). This treatment has been reported (5) to 
produce localized malignant tumors at the site of injection. 
Five months after the injections, the animals were killed and 
the sera examined. Those animals which received methylcho- 
lanthrene but did not develop a tumor showed no consistent 
differences in serum proteins from comparable animals which 
had been injected with lard alone. Most of the animals which 
developed a tumor exhibited a serum slow a--globulin zone. 
The intensity of this zone was apparently related to tumor size 
as is shown in Table I. In rats showing a strong slow a2-globu- 


TABLE I 
Intensity of slow a2-globulin zone in sera from rats 
bearing methylcholanthrene-induced tumors 











Rat Body weight Tumor weight Slow az-globulin*® 
| g 

1 | 476 9 — 

2 550 85 + 

3 510 62 + 

4 | 430 6 — 

5 | 376 10 — 

6 570 115 +++ 
7 | 307 44 ++ 
8 | 493 37 + 

9 | 463 26 + 








* — signifies the absence of a detectable zone; +, ++, and 
+++ are used to indicate the relative intensity of the zone. 
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lin, a fall in albumin and in fast a-globulin, and an increase in 
post albumin IV were also noted. 


DISCUSSION 


The protein zone, slow a2-globulin, has been detected in the 
serum of pregnant rats, very young rats, and rats bearing either 
the transplanted Novikoff hepatoma or a methylcholanthrene- 
induced tumor. Two-dimensional filter paper-starch gel elec- 
trophoresis has confirmed (2) that these zones are derived from 
the a@-globulin fraction in each condition. Mixed sera from 
any two of these conditions still exhibit a single slow a2-globulin 
fraction on single- or two-dimensional electrophoresis; it would 
appear that the electrophoretic properties and probably the 
protein itself are identical in all three cases. Although each of 
these conditions is associated with the development, in the ani- 
mal, of new tissue, this is apparently not necessary for the for- 
mation of slow a2-globulin. Removal of the fetuses from preg- 
nant rats does not alter the appearance of the zone provided 
that the placentas are left in situ. It was noted that these rats 
continued to gain more weight than did the controls from which 
the placentas had also been removed, but this weight gain was 
likely caused by an accumulation of fat and water rather than 
the formation of “new tissue.” In young rats, the zone was seen 
only during the first 3 to 4 weeks of life; rapid growth continues 
after this period. 

The observation that this zone depended on the presence of 
the placenta rather than the fetus suggested that one or more 
hormones might be factors in its development. Previous stud- 
ies have implicated growth hormone and the sex hormones in 
the control of protein metabolism during pregnancy (6). Pre- 
liminary studies with conjugated estrogenic compounds‘ and 
progesterone,® and growth hormone’ in the presence or absence 
of the sex hormones, in normal rats, failed to induce the appear- 
ance of the zone. If it is under hormonal control, the necessary 
hormonal balance is apparently resistant to the effects of added 
cortisone or glucagon. It has previously been demonstrated 
that pregnant rats show a marked resistance to the biochemical 
effects of cortisone administration (7). However, there was 
little or no resistance to the effects of glucagon administration 
(8). It is apparently not affected by wide variations in dietary 
protein (5% to 20%) during pregnancy. Nelson and Evans 
(9) have reported that 5% dietary protein is a critical level; 
smaller protein intakes frequently lead to fetal maceration and 
abortion. 

In our laboratory, we have not detected this zone in the sera 
of apparently normal rats other than under the three conditions 
noted. Beaton’ with rats from the Woodlyn Farms colony has 
detected the zone in five “normal’’ nonpregnant animals. In 
two cases, subsequent autopsy revealed the presence of appar- 
ently spontaneous tumor in the abdominal cavity; the other 
cases were not investigated. Christie and Fisher,’ in serial 
studies of tail blood sera of male rats (Woodlyn Farms) under 
experimental treatment, have noted the appearance and subse- 
quent disappearance of a zone migrating in the position of slow 


‘“Premarin, intravenous” (courtesy of Ayerst, McKenna and 
Harrison Limited), lot L3018 BL. 

5 Progesterone, Nutritional Biochemicals Corporation. 

°“Somar-A’’, bovine growth hormone, lot R50109 (courtesy 
of the Endocrinology Study Section, National Institutes of 
Health). 

‘J. R. Beaton, personal communication. 

°F. H. Christie and A. M. Fisher, personal communication. 
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ae-globulin in starch gels. It was felt that this could not be 
attributed to the experimental treatment but might be associ- 
ated with the simultaneous appearance of a transient diarrhea 
of unknown origin. We have noted a similar zone in a group 
of male rats undergoing experimental biotin deprivation. These 
animals had been fed the 20% casein-, 20% corn oil diet with 
an added 2% of an old supply of sulpha succidine. Within two 
weeks of the start of the study, male animals in both biotin- 
deprived and control groups began to die of internal hemor- 
rhages. On the 22nd day, the remaining animals were killed. 
At this time nearly all of the males showed internal hemorrhages, 
especially in the area of the testes and epididymis. All of these 
animals also exhibited diarrhea. Examination of the sera re- 
vealed the presence of a strong zone moving in the position of 
slow a»-globulin in most of the animals. Females, from the 
same experiment, did not show the hemorrhages and diarrhea 
and did not exhibit this serum protein zone. When the study 
was repeated with a fresh supply of sulpha succidine, no hemor- 
rhages were noted and none of the animals exhibited this protein 
zone. These deprivation studies were carried out by D. Booth. 

The present studies do not elucidate the control of the de- 
velopment of the slow @2-globulin fraction, nor do they establish 
the nature of the protein or proteins in this zone. The zone 
might appear as the result of (a) a modification of the properties 
of the serum such that slow a:-globulin divides into two zones, 
(6) an aggregation of proteins normally migrating more rapidly, 
or (c) the formation of a new protein or proteins (or increase in 
concentration of proteins normally present in such small quan- 
tity that they are not detectable). Of these three possibilities, 
the last seems most likely. In an examination of the starch 
gels, there is no suggestion of an inverse relation between the 
intensity of the slow ae- and slow a:-globulin zones, except in 
the case of young rats. Such a relationship might be expected 
if slow a:-globulin was simply dividing into two zones. There 
is no evidence of a gradual movement of slow a2-globulin away 
from slow a:-globulin. Furthermore, the two zones have differ- 
ent migratory rates on filter paper and the slow a;-zone has 
associated lipid material, whereas the slow a2-zone does not. 
These observations suggest that the two zones are composed of 
different proteins. Smithies (10) has indicated that migration 
in starch gels is affected by molecular size of the protein in rela- 
tion to the porosity of the gel. An aggregation of smaller mo- 
lecular size proteins could produce the probable large molecular 
size of the proteins of the slow a-globulin zone. Examination 
of the gels suggests that the only zone which is consistently 
related to slow a»-globulin in an inverse manner is albumin. 
Although the possibility that the decrease of albumin is related 
to the increase of slow a-globulin cannot be ruled out, it seems 
more likely that the slow a@2-globulin zone represents the forma- 
tion of new proteins in these various conditions. If this were 
so, it would suggest, as did the effect of the placenta in pregnant 
rats, that the development of this protein zone is under hor- 
monal control. 

This slow a-globulin zone, or any zone corresponding to it, 
has not been detected by conventional electrophoresis. Halli- 
day and Kekwick (11) have conducted an intensive study of 
serum protein changes in growing rats from the 12th to 90th 
days by moving boundary electrophoresis. In the younger rats 
they described a rapid rise in albumin and smaller increases in 
all fractions except a:-globulin which showed a small relative 
and absolute fall with age. If our fractions are grouped as 
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a@-globulin, as-globulin, and 6-globulin (transferrin), they sug- 
gest an absolute increase in all grouped fractions, including 
a-globulin. The data of Halliday and Kekwick give no indica- 
tion of the changes which might occur within their five major 
fractions. They did report that albumin could be subdivided 
and that albumin, the smaller subfraction, fell in concentration 
with age. 


SUMMARY 


1. Sera of pregnant, young, and tumor-bearing rats exhibit 
a slow a@»-globulin zone in starch gel electrophoretic examina- 
tions. This zone was not detected in normal adult rats. 

2. In pregnant rats this zone appeared at about midgestation 
and disappeared after parturition. It was not affected by 
cortisone- or glucagon administration, nor by the feeding of low 
protein diets. Removal of the fetuses did not abolish it pro- 
vided the placentas were left in situ. 

3. The zone is very strong in young rats at birth and rapidly 
decreases in intensity and disappears at about 3 weeks of age. 


Slow ae-Globulin in Rat Serum 
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4. In tumor-bearing rats the intensity of the zone appears to 
be related to the state of tumor growth. 
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The formation of peptide-bonded mono- and diiodotyrosine 
in thyroid homogenates and subcellular fractions has been studied 
extensively by Taurog et al. (1), Fawcett and Kirkwood (2), 
Wyngaarden and Stanbury (3), and Lamberg et al. (4). A de- 
scription of the system under investigation in this laboratory 
has been published (5). In the previous study it was found that 
sheep thyroid mitochondrial and microsomal preparations formed 
protein-bound monoiodotyrosine and some diiodotyrosine on 
incubation with NaI*! in isotonic solutions buffered at pH 7.4 
at 37° in air. No requirement for nucleotide cofactors was 
observed. ‘The formation of some inorganic oxidation products 
of iodide, by the system, was increased in the presence of cupric 
ions. The system was depressed by anoxia, sulfhydryl-contain- 
ing compounds such as cysteine and mercaptoethanol, propyl- 
thiouracil, cyanide, and catalase. The protein which became 
iodinated could be solubilized by deoxycholate from the tissue 
particulate elements to which it was attached. The solubilized 
protein had solubility, sedimentation, electrophoretic, and 
immunological characteristics which differed from those of 
thyroglobulin. 

The enzymes and cofactors involved in the formation of pro- 
tein-bound iodide™ have not been characterized. However, 
Alexander (6) recently reported the presence of an iodine peroxi- 
dase in rat salivary and thyroid tissues. This enzyme presum- 
ably oxidizes iodide to an unknown higher valence state. In 
the presence.of a second enzyme, “tyrosine iodinase,” the re- 
active iodine species is believed to substitute for hydrogen on 
the benzene ring of tyrosine. Furthermore, Schussler and Ing- 
bar (7) have reported stimulation of protein-bound iodide™ 
formation in sheep thyroid homogenates by reduced pyridine 
nucleotides, Krebs cycle intermediates, and methylene blue, 
and inhibition by reduced glutathione. Dumont (8) and Field 
et al. (9) have recently found that thyroid tissue contains an 
active hexose-monophosphate pathway which is stimulated by 
thyrotropic hormone (9), and which produces TPNH in the 
thyroid. 

A recent publication from another laboratory has demonstrated 
possible physiological significance of the systems in vitro. Had- 
dad and Sidbury (10) observed that thyroid tissue homogenate 
from a patient with hypothyroidism and goiter failed to form 
protein-bound iodide™ on incubation with Nal". This indi- 
cated that protein-iodinating activity studied in vitro might at 
least parallel hormonogenic activity in vivo. 

The present investigation was designed to study the role of 
pyridine and flavin nucleotides in protein-bound iodide forma- 


* Supported in part by Grants E-168 and E-169 from the Ameri- 
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tion and to explore the previously observed inhibitory effect of 
thyroid homogenate supernatant fraction in the protein-bound 
iodide™!-forming system. Some preliminary observations on 
the nature of receptor proteins will also be presented. 


EXPERIMENTAL PROCEDURE 


Preparation and incubation of thyroid tissue was conducted 
as previously reported (5). Nuclei and debris were separated 
from sheep thyroid homogenates by sedimentation for 15 minutes 
at 700 X g in a refrigerated centrifuge, and discarded. The 
material sedimenting from the above supernatant fraction after 
centrifugation at 85,000 x g for 45 minutes, was retained as the 
enzyme preparation. These particles, presumably a mixture of 
mitochondria and microsomes, were washed twice by resuspen- 
sion and resedimentation. Krebs-Ringer phosphate buffer 
(0.00085 m rather than 0.00254 in calcium ions) was used, unless 
otherwise noted, for homogenization, fractionation, and incuba- 
tion of the mitochondrial-microsomal preparation. The enzyme 
preparation was stored at 4° for up to 14 days. It was found 
that it lost activity more slowly during the first 14 days‘ at 4°, 
than if frozen and thawed repeatedly during this period. 

In the standard conditions of incubation, 0.5 ml of enzyme 
preparation (1 to 2.5 mg of protein) and 1 mumole of KI con- 
taining 1 ue of I*!, made up to 1 ml by the addition of Krebs- 
Ringer phosphate buffer, were incubated in glass tubes in day- 
light at 37° for 60 minutes. All additions to the system were 
made to a final volume of 1 ml. At the end of incubation, 
aliquots of 0.05 ml were taken from the incubation mixture and 
spotted on Whatman No. 3 chromatography paper. The 
chromatograms were developed by the ascending technique in 
the n-butyl alcohol-ethanol-2 Nn ammonia (5:1:2, volume for 
volume for volume) system. After development for 14 hours, 
the percentage of total I’ applied to the paper which remained 
at the origin was determined, and considered to be PBI!* (5). 
Duplicate chromatograms with the n-butyl alcohol-2 N acetic 
acid system (1:1, volume for volume) gave values identical for 
PBI" formation, as did samples acidified to pH 2 before chroma- 
tography in the n-butyl alcohol-ethanol-ammonia system. 

In some instances, proteins were examined by starch gel 
electrophoresis by the method of Smithies (11). 

For certain studies the soluble cell proteins of thyroid and 
liver homogenates were separated from particulate material by 
centrifugation at 85,000 x g for 1 hour. These preparations are 
referred to as “supernatant fractions” in this report. 


1 The abbreviations used are: PBI"!, protein-bound iodide'*!; 
FMN, flavin mononucleotide. 
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RESULTS 


Stimulation of PBI" Formation by Pyridine Nucleotides 
(Table I)—Reduced or oxidized pyridine nucleotides stimulate 
PBI! formation. TPNH was the most active cofactor; it 
augmented PBI" formation to 400% of control values (Fig. 1). 
DPNH was also stimulatory, as were DPN+ and TPN* to a 
lesser degree. TPN*+ stimulated PBI’ formation minimally 
when added alone, more so if glucose 6-phosphate was present, 
and maximally if glucose 6-phosphate dehydrogenase was also 
added (Table IT). 

TPNH produced a stimulation of the initial rate of the reaction 
and augmented the final level of PBI" formation as well (Fig. 2). 

Stimulation by TPNH became apparent at a concentration 
of 7.5 < 10-® m and reached a peak effect at 10-4 m (Fig. 3). 
Above this concentration, TPNH inhibited the reaction. The 
K,, of the enzyme preparation for TPNH was 2.2 to 2.5 x 10-4 
M, and for DPNH, 3 to 5 X 10-*m. These values are presented 
with reservation as the cofactors may be involved in many 
reactions in addition to the formation of PBI. 

Boiled enzyme was inactive with or without added TPNH. 
Stimulation by TPNH was not reduced by incubation in the 
dark, but was completely inhibited by catalase. Dialysis of the 


TABLE I 
Effect of physical and chemical agents on PBI'* formation 


Standard conditions of incubation were followed. Additions 
to this system are listed in the table. Catalase was from Worth- 
ington Biochemical Corporation (Crystalline Catalase). 
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STIMULATION OF PBI'>! FORMATION BY TPNH 
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PERCENT PBI" FORMED 














60 120 180 
MINUTES OF INCUBATION 
Fic. 1. Stimulation of PBI!*! formation by TPNH. Standard 
conditions of incubation were followed. TPNH, 0.1 umole, was 
added after 60 minutes of incubation. 


TABLE II 
Stimulation of PBI'*! formation by TPN* and a 
TPNH-generating system 
Standard conditions of incubation were followed. Additions 
to this system were TPN*, 0.10 umole, glucose 6-phosphate, 5 
umoles, and glucose 6-phosphate dehydrogenase sufficient to re- 
duce all TPNt i in 10 minutes. Incubation was 60 minutes at 37°. 





PBI'#! formed 





NINO. «, atoisest'sc saeu Aco intairettentne eine Meuatade 5.9 
BEES fd hich sine usraln Bors Meteo ee Mat eee ness lo ecaren 7.8 
+ TPNt + glucose 6- Ce eee 9.3 


+ TPN* + glucose 6-phosphate dehydrogenase 
and glucose 6-phosphate....................... 





12.6 





preparation against Krebs-Ringer phosphate buffer for 24 hours 
at 4° did not produce a requirement for TPNH, or alter the 
response of the enzyme to addition of the cofactor. TPNH 
stimulation was radically affected by calcium concentration. 
One micromole of Ca++ per ml of reaction mixture was optimal 
for demonstration of reduced pyridine nucleotide stimulation 
(Fig. 4). The addition of TPNH did not alter the ratio of 
monoiodotyrosine to diiodotyrosine in the PBI"* formed. The 
ratio was 5:1 in the unstimulated preparation, and 4.6:1 after 
TPNH addition. The ratios were determined by chromato- 
graphic analysis of pancreatin digests of the mitochondrial- 
microsomal preparation after incubation with I". 

Oxidation, Reduction, and Transhydrogenation of Pyridine 
Nucleotides by the Thyroid Enzyme Preparation—Because both 
oxidized and reduced pyridine nucleotides stimulated PBI™ 
formation, it became of interest to study the rate of oxidation 
and reduction of these nucleotides by the enzyme preparation. 
Likewise, as both DPNH and TPNH were stimulatory, it was of 
interest to determine whether or not pyridine transhydrogenase 
activity was present. 

TPN*+ and DPN* were not reduced by the thyroid particulate 
preparation in the absence of added substrate. Reduction of 
TPN* by thyroid particles after addition of glucose 6-phosphate 
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MINUTES OF INCUBATION 


Fie. 2. Effect of TPNH on PBI"*! formation. Standard condi- 
tions of incubation were followed. TPNH, 0.04 or 1.5 umoles, 
were added to the experimental flasks at the beginning of incuba- 
tion. 
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Fig. 3. Relation of concentration of TPNH to PBI!*! formation. 
Standard conditions of incubation were followed. 


demonstrated the presence of the dehydrogenase for this sub- 
strate. Glucose 6-phosphate dehydrogenase was also demon- 
strated in the thyroid supernatant fraction. 

DPNH and TPNH were oxidized by the thyroid particulate 
preparation, the former at a rate 10 times the latter (Table III). 

DPN-TPN and TPN-DPN transhydrogenase activities were 
sught by several spectrophotometric assays. Transhydrogena- 
tion from DPNH to TPN+ by the thyroid enzyme preparation 
was studied in a system in which oxidation of ethanol to acetalde- 
hyde by alcohol dehydrogenase was limited by reduction of all 
available DPN+ to DPNH (12). Addition of thyroid enzyme 
ad TPN+, which would have produced DPN? if a transhydro- 
genase was present, did not augment the reaction. 

Evidence for transhydrogenation from TPNH to DPN* was 
‘sught in a system in which glucose 6-phosphate oxidation by 
its dehydrogenase was limited by reduction of all available TPN* 
to TPNH (13). Addition of thyroid enzyme and DPN* did 
tot augment the reaction. However, in this system limited 
tanshydrogenation may have been obscured, if oxidation of 
DPNH was not completely prevented by the 10-2 m cyanide 
present. It was possible to demonstrate transhydrogenation 
fom TPNH to acetyl-pyridine DPN*+ in the system devised by 
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Stein ef al. (14). In this test, addition of the thyroid enzyme 
preparation produced transhydrogenation from TPNH at a rate 
of 3.5 mumole per mg of protein per minute, or 0.028 mumole 
per mg of tissue per minute. It was also observed that the rate 
of oxidation of TPNH by the thyroid enzyme preparation could 
be increased by the addition of DPN+. This reaction was 
followed spectrophotometrically, and presumably represents 
transhydrogenation from TPNH to DPN*, which produces the 
more rapidly oxidizable nucleotide, DPNH (Table III). 

Stimulation of PBI*! Formation by Methylene Blue (Table I)— 
Methylene blue stimulated PBI formation optimally at 10-4 
M concentration. The oxidized (blue) dye was not iodinated 
itself. Catalase prevented stimulation by methylene blue. 
Methylene blue stimulation was depressed by exclusion of light 
during the reaction and by addition of liver or thyroid super- 
natant fraction. 

Effect of Flavin Nucleotides and Flavin Analogues (Table I)— 
Flavin nucleotides, FAD or FMN, stimulated PBI! formation 
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Fig. 4. Relation of Ca** concentration to PBI'*! formation. 
Standard conditions of incubation were followed, except that cal- 
cium was omitted from the Krebs-Ringer phosphate buffer. 


TaBLe III 
Oxidation and transhydrogenation of reduced pyridine nucleotides 
by thyroid cell particles 
Oxidation was recorded at 340 mu and 30° for 10 minutes. The 
reaction cuvette contained 0.1 to 0.3 umole of nucleotide and 1 
ml of enzyme preparations (2 to 3.5 mg of protein) aged 24 hours 
at 4° in Krebs-Ringer phosphate pH 7.4 buffer, to final volume 








of 3 ml. DPN was added after 5 to 7 minutes in Procedure C. 
Values in line D represent the difference of line C minus line B. 
Procedure Nucleotide oxidized 

pmole/g wet pumole/mg 
tissue/min protein/hr 

Ae |. a RED ARAN Re AER cari Ble Oe, 0.028 0.17 

ee ack desk cst ere ee 0.004 0.03 

CC. TREE With TSE .. 5 cb sei 0.019 0.11 

D. Calculated TPNH to DPN? trans- 

hydrogenation. ...........6c.sseecs 0.015 0.08 
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to over 300% of control values when present at a concentration 
of 5 X 10-4. Incubation in the dark of samples which con- 
tained FAD or FMN resulted in partial inhibition of the flavin 
effect, the net result being PBI"! formation equal to 200% of 
control values. Dialysis of enzyme for 24 hours against Krebs- 
Ringer phosphate buffer did not create a dependency on flavin 
nucleotides, or depress their stimulation of PBI! formation 
when added to dialyzed enzyme. The flavin analogue, quin- 
acrine, depressed PBI'*' formation to 80% of the control value 
when present at 10-‘M, and to 53% at 10-* m. Another analogue, 
acriflavin, had no effect at or below 10° m, but caused stimulation 
to 400% of control PBI" formation at 5 & 10-3 m when incuba- 
tion was carried out in the light. 

Effect on Enzyme Activity of Soluble Factors in Thyroid and 
Liver Tissue (Table IV)—Supernatant fractions from thyroid 
and liver homogenates inhibited PBI’ formation. Liver 
supernatant fraction was by far the most inhibitory. Thyroid 


TABLE IV 
Effect of liver and thyroid supernatant fractions on 
PBI! formation 
Standard conditions of incubation were followed. 
to this system are listed in the table. 


Additions 
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PBI!3! formation in 
PBI:® in 


Experimental variable experimental 








control vessel as % of 
| control value 

Liver supernatant fraction, 0.1 ml (1.3 | | 

| Rn hae eee 8.6 | 9 
geig. lA ee 8.6 | 326 
Liver supernatant fraction, 0. 1 ml + 

Sia ee ee |} 8.6 | 6 
Thyroid supernatant fraction, 0.1 ml (1.3 

mg protein) + TPNH, 0.1 umole 8.6 | 69 
Liver supernatant fraction, 0.05 ml (0.067 

NON 59.85. 3s ace ne Caromsctoneews | 22.1 | 34 
Liver supernatant fraction, 0.05 ml | 

heated to 100° for 1 min..............} 22.1 | 95 
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Thyroid supernatant fraction, 0.2 ml | 
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Ringer phosphate buffer............ | 6.7 | 62 
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a oe ee | 41 
Nicotinamide, 10 nzmoles 8.3 106 
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Fia. 5. Starch gel electrophoresis of mitochondrial-microsomal 
preparation after incubation. The distribution of protein bands 
and PBI'*! are diagrammed. 


supernatant was not active after boiling and dialysis, and the 
ashed material was not active. Liver supernatant fraction did 
not inhibit after it was boiled. Activity in the liver supernatant 
fraction was contained in a fraction which precipitated between 
25 and 50% ammonium sulfate saturation. Thyroid or liver 
supernatant fractions reversed TPNH stimulation. Depression 
of PBI" formation by liver supernatant fraction could not be 
prevented by the addition of nicotinamide (10-2 m), NaF (10~ 
mM), or AMP (107? o). 

Other proteins, such as bovine serum albumin or sheep thyro- 
globulin purified by ammonium sulfate precipitation were not 
inhibitory. 

Miscellaneous Observations—Ascorbate 
PBI! formation. 


(10-3 m) 
Pyrophosphate at 10-2 m 


simultaneously produced marked clumping of the particles. 
Pyrophosphate did not cause PBI formation in boiled tissue, 
and its stimulatory effect was reversed by catalase. 

Nature of Protein Iodinated—Over 90% of the PBI'*™ formed 
by this system is sedimented by centrifugation at 105,000 x 
for 1 hour and is believed to be attached to cell particles. Sam- 
ples were also subjected to starch gel electrophoresis. In agree- 
ment with the previous observation, 90% of PBI'*! remained at 
the origin. Particulate material and proteins isoelectric at pH 9 
would not migrate in this system. Soluble thyroglobulin was 
always observed on gel electrophoresis of the preparation, and 
the thyroglobulin band contained up to 10% of the PBI" (Fig. 
5). Added bovine serum albumin was found to be iodinated, in 
contrast to our-previous experience (5). The addition of purified 
sheep thyroglobulin did not result in formation of an increased 
amount of soluble PBI". 

A denatured and presumably uncoiled sheep thyroglobulin 
was prepared by incubating purified sheep thyroglobulin with 
thioglycollic acid in the presence of 8 M urea, and subsequently 
blocking released sulfhydryl groups by iodoacetamide (19). 
This material was then extensively dialyzed against water to 
remove urea, iodoacetamide, and thioglycollic acid. In pre- 
liminary observations, this protein was found to be more readily 
iodinated than native thyroglobulin. 
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DISCUSSION 


It is possible that the PBI"*-forming activity under study 
includes the following sequence of reactions: 


Reduced pyridine nucleotide + flavin nucleotide — 
reduced flavin nucleotide + oxidized pyridine nucleotide 


(1) 


Reduced flavin nucleotide + O2 —- 
oxidized flavin nucleotide + H.O» 


(2) 


Iodide peroxidase _ 





H.02 + I- “oxidized iodine” + H,0 (3) 





_ ee ie A tyrosine iodinase | 
“Oxidized iodine’ + tyrosine > 


iodotyrosine (4) 

The evidence for this sequence is, in brief, the stimulation 
produced by reduced pyridine nucleotides and flavin nucleotides, 
and the inhibition produced by catalase. Equation 4 may 
proceed nonenzymatically once iodide is oxidized to the hypo- 
thetical active state by Equation 3. 

Both DPNH and TPNH stimulate PBI" formation in this 
system, possibly through Equation 1. The hydrogen acceptor 
in Equation 1, in this formulation considered to be an endogenous 
flavin nucleotide, is not specific for TPNH or DPNH. The K,, 
of the crude enzyme preparation for DPNH was higher than for 
TPNH, but this probably can be related to the observed higher 
oxidase activity for DPNH. Thus, DPNH would be oxidized 
by routes unrelated to PBI’ formation more rapidly than 
TPNH; this would leave a smaller proportion available to the 
PBI!-forming enzymes. Here, the likely assumption is made 
that oxidation of the reduced pyridine nucleotides proceeds 
via mitochondrial oxidase systems other than the flavin-PBI"*!- 
forming systems, although no evidence for this is contained in 
the present report. 

It was recognized that one pyridine nucleotide might be the 
direct hydrogen donor, with the other serving via transhydro- 
genation. Therefore, studies have been made of transhydro- 
genation activity in the enzyme preparation. DPNH to TPN* 
transhydrogenation was not observed in the one test system 
used. Enzymatic activity functioning in the reverse direction 
was measurable by transhydrogenation from TPNH to acetyl- 
pyridine DPN+. The rates were much smaller than those 
reported for liver mitochondria (181 myumoles per mg of protein 
per minute, or 0.69 mumole per mg of tissue per minute) or liver 
microsomes (14 mumoles per mg of protein per minute) by Stein 
eal. (14). Transhydrogenation in the TPNH to DPN* direc- 
tion was also observed by increase in rate of TPNH oxidation 
by the tissue preparation after addition of DPN+. Again, the 
rate of transhydrogenation was approximately 10% of that 
observed in liver tissue by Ernster (16) when compared on the 
basis of wet weight of whole tissue used. These studies do not, 
of course, define the normal direction of transhydrogenase ac- 
tivity in vivo. 

The observed rates of DPNH and TPNH oxidation by the 
thyroid mitochondrial and microsomal fraction were also low in 
comparison to liver, being about 10% of values recorded by 
Ernster for liver (16). It is of interest that Dumont (17) has 
reported that Krebs’ cycle enzymes are much less active in 
thyroid than in liver tissue. The lower level of metabolic ac- 
tivity cannot be ascribed to the presence of a large mass of 
colloid, which would presumably be metabolically inactive, 
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because in Dumont’s study the differences were also apparent 
when activity was related to K+, RNA, or DNA determinations. 

The reason for the stimulatory action of DPN+ and TPN?* is 
not clear. Oxidized pyridine nucleotide stimulation did not 
appear to act via earlier reduction to DPNH or TPNH, as DPN* 
and TPN* stimulated PBI"*! formation in the otherwise unforti- 
fied enzyme preparation. Under these conditions, reduction in 
vitro of pyridine nucleotides was not observed. A pathway that 
could reduce TPN* to provide TPNH in vivo is obvious from 
demonstration of glucose 6-phosphate dehydrogenase activity in 
thyroid supernatant and particulate fractions. This sub- 
stantiates previous reports of the presence of a hexose mono- 
phosphate pathway, including glucose 6-phosphate dehydro- 
genase, in thyroid tissue (8, 9). 

Equation 2 is known to occur, but whether it is of physiological 
significance in the formation of PBI" is unknown. Observed 
stimulation of the system in vitro by flavin nucleotide, as ob- 
served in earlier studies (18) and confirmed here, suggests this 
sequence. A photochemical oxidative reaction forming HO: is 
probably involved, as suggested from inhibition of the response 
by incubation in the dark and by catalase. The observation 
that maximal stimulation of PBI"! formation by flavin nucleo- 
tides occurs only when the preparation is incubated in light was 
originally reported by Soodak and Maloof (19). Flavin stimula- 
tion may in part have what would appear to be a more physio- 
logical role, inasmuch as these nucleotides are still stimulatory, 
although to a lesser degree, when incubated in the dark. Dialysis 
did not produce a dependence on flavin nucleotides. If endog- 
enous flavin nucleotides are involved in the reaction, they must 
be tightly bound to the particles. Study of the flavin analogues, 
quinacrine and acriflavin, did not prove the importance of 
endogenous flavin nucleotides in the reaction. Acriflavin, per- 
haps by a photochemical reaction producing H.O:, caused marked 
stimulation of PBI formation. Quinacrine was not a very 
potent inhibitor of PBI"! formation. 

Methylene blue stimulation may also occur via light-sensitive 
auto-oxidation with production of H,O2, because its effect was 
reversed by catalase and by incubation in the dark. 

No new evidence relating to Equations 3 and 4 of the above 
hypothetical model was secured in the present study. Data 
suggesting that an iodine peroxidase which could function in 
Equation 3 is present in thyroid tissue has recently been pre- 
sented by Alexander (6). Whether or not a separate enzyme is 
required in Equation 4 is unknown. Although nonenzymatic 
iodination of tyrosine occurs in the presence of H;O, and iodide, 
it is probable that some control mechanism would function in 
this process in vivo. 

Studies with liver and thyroid supernatant fraction suggest an 
inhibitory action by a protein. The lack of protection against 
the inhibitory factor in liver tissue by NaF, nicotinamide, and 
AMP suggests that a pyridine nucleotidase is not involved. 
Recently we have measured the high concentration of catalase 
present in liver supernatant fraction and the smaller amounts 
present in thyroid supernatant fraction. This enzyme probably 
accounts for the inhibitory effect of the supernatant fraction 
from liver, and part of the inhibition produced by thyroid super- 
natant fraction. Inasmuch as dialysis partially reverses thyroid 
supernatant fraction inhibition of PBI"! formation, and boiling 
does not completely prevent inhibition, it is probable that io- 


2 L. J. DeGroot and A. M. Davis, unpublished observations. 
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dide!” ion is the other inhibitory principle in thyroid supernatant 
fraction, as previously concluded (5). 

It may be surmised that the inability of investigators to 
demonstrate PBI"*!-forming activity in liver tissue may be due 
to the presence of catalase, which inhibits the reaction, rather 
than to the lack of appropriate iodide-oxidizing enzymes. Per- 
haps the specificity of hormone formation in the thyroid gland 
is due to the presence of an iodide-trapping system and a special 
receptor protein (thyroglobulin) rather than to a peculiar oxi- 
dizing system. 

The observed action of ascorbate may be due to its reducing 
action on the hypothetical iodine intermediate. 

Stimulation of PBI"! formation by pyrophosphate could be 
due to an effect on mitochondrial structure as suggested by its 
clumping action on the enzyme preparation. It was not related 
to exogenous pyridine nucleotide addition, and so was not ob- 
viously due to inhibition of a nucleotidase. 

This enzyme preparation iodinates particulate protein, which 
does not seem to be thyroglobulin. Soluble protein can be 
iodinated, as shown by iodination of albumin in this study. 
Our earlier inability to demonstrate iodination of albumin may 
have been due to use of a less active enzyme preparation. Al- 
though contaminant thyroglobulin present in the preparation is 
minimally iodinated, added purified thyroglobulin is not readily 
iodinated, because its presence induces no increased formation of 
soluble PBI". Iodination of denatured thyroglobulin, in 
preliminary experiments, suggests that an uncoiled molecule 
might have tyrosyl groups in a position which can be more 
readily iodinated. In contrast, a native highly coiled thyro- 
globulin molecule might have the tyrosyl groups in a less exposed 
position, a position possibly disadvantageous for further iodina- 
tion, but theoretically advantageous for coupling of iodotyro- 
sines in the formation of iodothyronines. : 


SUMMARY 
Further studies on the incorporation by sheep thyroid mito- 
chondria and microsomes of I'*! iodide into particulate protein- 
bound mono- and diiodotyrosine are reported. 
Formation of protein-bound iodide™ is augmented markedly 
by reduced pyridine nucleotides, by flavin nucleotides, and by 
methylene blue. These stimulatory effects are diminished or 
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prevented by a soluble component of thyroid and liver tissue, 
which probably is catalase. It is believed that the stimulatory 
agents exert their effect through formation of H.O2, which is used 
by thyroidal peroxidase to oxidize iodide. 

DPN* and TPN* are not reduced by the preparation studied, 
but low levels of DPNH and TPNH oxidase activity, and pyri- | 
dine nucleotide transhydrogenase activity, are recorded. The | 
particles also exhibit glucose 6-phosphate dehydrogenase activity, 

The protein-bound iodide™! formed is bound to the cel] 
particles. Soluble protein such as albumin is also iodinated by 
the system, but native thyroglobulin appears to be a poor iodine 
receptor. 
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Enzyme-catalyzed reactions in which amino acids react with 
adenosine triphosphate to yield amino acyl adenylates were 
first described by Hoagland e¢ al. (2). Gutfreund and collabo- 
rators (3-6) have examined the actively lactating mammary 
tissue of several species for an amino acid-dependent adenosine 
triphosphate-radioactively labeled inorganic pyrophosphate ex- 
change and have found “barely significant” activity on the part 
of most of the amino acids tested. Tyrosine was reported to 
give more stimulation than most, and tryptophan accounted 
for at least 80% of the total amino acid activation observed in 
the presence of a complete mixture of amino acids (3). The pH 
5 enzymes! prepared from these mammary tissues retained the 
full activity for coupling leucine and glycine to soluble ribo- 
nucleic acid, but would not catalyze an exchange of adenosine 
triphosphate and radioactively labeled inorganic pyrophosphate 
dependent upon these amino acids (5). 

This paper reports two means of purifying the soluble fraction 
of the lactating mammary gland of rats to the extent that acti- 
vation of most of the amino acids may be observed. 


EXPERIMENTAL PROCEDURE 


Methods and Materials 


Soluble Fraction of Rat Mammary Gland—Inguinal and ab- 
dominal mammary glands of animals at various stages of preg- 
nancy or lactation were rapidly excised after paralysis of the 
animal by cervical dislocation. The glands were immediately 
placed in 25 ml of ice-cold 0.25 m KCl. The glandular mass 
was thoroughly minced with stainless steel scissors for 30 sec- 
onds and then homogenized for 1 minute in a cold, stainless steel 
cup of a Waring Blendor. The homogenate was centrifuged for 
60 minutes at 40,000 r.p.m. with a Spinco No. 40 rotor. The 
solid cake of fat was removed and discarded, and the clear soluble 
fraction was carefully withdrawn from the residual particulate 
matter. 

Treatment of Soluble Fraction with Norit—Approximately 15 
mg of neutral, acid-washed Norit A (Pfanstiehl Chemical Com- 
pany) was thoroughly mixed with each milliliter of the soluble 


*A preliminary report of the studies contained in this paper 
was presented at the meeting of the Federation of American 
Societies for Experimental Biology at Chicago, April 1960 (1). 

} This investigation was supported (in part) by Public Health 
Service Training Grants, No. 2G-446, from the Division of General 
Medical Sciences, and No. CRTY 5072, from the National Cancer 
Institute, Public Health Service. 

1The pH 5 enzyme is the term assigned by Hoagland et al. (2) 


to the pH 5.1 to 5.3 isoelectric precipitate of the soluble fraction of 
tat liver. 


fraction with gentle stirring for 15 seconds. The Norit was 
removed by low speed centrifugation and passage through What- 
man No. 1 filter paper. The filtrate contained approximately 
60% of the protein of the untreated soluble fraction. 

Treatment of Soluble Fraction with Sephadex—Five milliters of 
the soluble fraction were passed through a glass column (2 x 36 
em) containing Sephadex G-25? previously equilibrated with 0.1 
M Tris buffer, pH 7.5. Sephadex retains small molecules and 
ions sufficiently long to permit the protein to be washed through 
the column essentially free from low molecular weight compo- 
nents. 

ATP-PP; Exchange Reaction—To measure the extent of ex- 
change of PP; with the terminal two phosphorous atoms of 
ATP, incubations were carried out in the presence of 50 mm KF, 
5 mm MgCl, 200 mm Tris-HCl buffer (pH 7.5), 2 mm tu form 
(4 mM pL-) of an amino acid, 5 mm NasATP (Sigma) (pH 7.0), 
and 5 mm K,P;"O; (pH 7.5), and a source of enzyme containing 
between 0.1 and 1.0 mg of protein; the final volume was 1 ml. 

The K,P,°O; was prepared from carrier-free P®*-orthophos- 
phate (Oak Ridge National Laboratory) by pyrolysis (7) and 
purified by column chromatography on Dowex 1-anion exchange 
resin by a modification of the method of Cohn (8). Purity of 
the resulting PP ;* was verified by paper chromatography (9). 

Assay of ATP for P**—After incubation at 37° for 30 minutes, 
the reaction was terminated by the addition of 1 ml of 10% 
trichloroacetic acid. The mixtures were briefly centrifuged to 
remove the coagulated protein and the supernatant liquid was 
added to approximately 200 mg of acid-washed Norit A. The 
method of Crane and Lipmann (10) as modified by DeMoss and 
Novelli (11) was used in the purification of the nucleotides ad- 
sorbed onto the Norit. To hydrolyze the two terminal phos- 
phorous atoms of the adsorbed ATP, 1 ml of 2 Nn HCl was added 
to the Norit, and the mixture was heated in a boiling water bath 
for 15 minutes. After removal of the Norit by centrifugation, 
the supernatant hydrolysate was used for quantitative deter- 
mination of orthophosphate and measurement of the radioactiv- 
ity. 

Analytical Methods—The protein content of each preparation 
of enzyme was measured by reading at 420 my in a Klett-Sum- 
merson photoelectric colorimeter the turbidity developed upon 
the addition of trichloroacetic acid (12). Purified egg albumin 
(Matheson, Coleman, and Bell) was used as the reference pro- 
tein in this assay. Pyrophosphate was measured after hydroly- 
sis to orthophosphate by the method of Fiske and SubbaRow 
(13). Amino acids were determined, with glycine as a standard, 


2? Pharmacia, Ltd., Uppsala, Sweden. 
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by the procedure of Lampson and Singher (14). Crystalline 
bovine serum albumin (Pentex) gave no color under the condi- 
tions used. Orcinol-reactive materials were measured by the 
method of Hendler (15) without preliminary precipitation and 
extraction of the protein present. p-Xylose was used as the 
standard for this assay. Planchets prepared by drying small 
aliquots of the hydrolysates were counted in a Geiger-Miiller 
counter for a sufficiently long period that a probable error of 5% 
or less would be expected. 
RESULTS 

The soluble fraction of the mammary gland of lactating rats 
was first tested for its ability to catalyze an exchange between 
ATP and PP;* (Table I). Of the nineteen amino acids tested, 
only five were markedly stimulatory to the exchange reaction. 
Hence, for activation of any of the remaining thirteen L form 


amino acids to be observed, lowering of the endogenous exchange 
seemed essential. 


TaBLeE [ 
ATP-PP;*? exchange in untreated and Norit-treated 
soluble fractions of lactating rat mammary glands 

Each of the amino acids listed’ was incubated as described in 
‘“‘Methods and Materials’”’ with the soluble fraction or the Norit- 
treated soluble fraction from the mammary glands of rats 5 days 
after parturition. 

The column, ‘‘untreated soluble fraction,” lists the mean re- 
sults obtained from two identical experiments, each utilizing a 
different animal, in which the protein contents of the incubation 
mixtures were 0.86 and 0.76 mg per ml. 

The column, ‘‘Norit-treated soluble fraction,’ lists the mean 
results obtained from two identical experiments, each utilizing 
a different animal, in which the protein contents of the incubation 
mixtures were 0.15 and 0.54 mg per ml. 

The mean endogenous exchange value for the experiments uti- 
lizing untreated soluble fraction was 0.30 and that for the experi- 
ments utilizing Norit-treated soluble fraction was 0.15 umole 
PP ;* exchanged per mg protein per 30 minutes. 





| Change from endogenous value 
| 





Amino acid added 
Norit-treated 
soluble fraction 


Untreated 
jsoluble fraction 





% 
None (endogenous exchange).......... 0 0 
ME ecco gece ep sin rae ws anne wid ees | . +60 +80 
a ae .| +20 +67 
MEIN gcc co kx acces pa i +17 +67 
Sen He nS err +13 +40 
SI ioe coe cert care darn cdle nara | +10 +47 
CRG an CE aan et ee ae +3 +47 
SS ae +0 +7 
I coe g ehMac nace. eitai a eg, +0 +47 
a +0 +60 
Scie s,s Soa eo ak Brae —3 —7 
RAE AI RS SOC ee 7 ta AC —3 —7 
eres —7 +27 
_. etl atest aA een eae anpe eine —7 +7 
Og a —7 +0 
MIR So ceo. ces cee eee cee —10 +13 
IES. 0092. SUG ohne ose ee bkaiaes —10 +7 
MINE Sat feast aed ove De aeeees —10 +20 
NE ie ni ree dca tics, ohh Sie Aa rors —10 —13 
MOINS o..x,a:'5 sia es hvec er Oeiae ead —20 +33 
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TaBLeE II 


ATP-PP;* exchange of treatment of soluble 
fraction with Norit 


Effect on 


In each assay, one of the amino acids listed was incubated with 


i 
I 


the complete system and the soluble fraction of the mammary | 
gland from an animal 20 days after parturition, either before or | 


after treatment with Norit. 
the standard error of the mean) of the values of exchange from 
six replicate assays. 








| Change from 
Source of enzyme Amino acid added | PPj82 exchanged | ©°FesPonding 
| endogenous 
| exchange 
7 pmoles/mg protein/ | ow 
} 30 min | 
Untreated soluble | None | 1.56 + 0.13 | 0 
fraction | L-Glutamic | 1.36 + 0.07 | —13 
acid | 
| Glycine | 1.26 + 0.07 | —19 
| L-Leucine 1.83 + 0.07 +17 
Norit-treated | None | 1.12 + 0.09 0 
| t-Glutamic | 1.71 + 0.15 +62 
| acid | 
| Glycine | 1.26 & 0.12 +12 
| L-Leucine | 1.544 + 0.17 +38 








Purification of the soluble fraction was attempted through the 
preparation of the pH 5.3 isoelectric precipitate, but, in agree- 
ment with an observation by Gutfreund (5), these preparations 
were found to possess a very low activity toward amino acid- 
dependent ATP-PP;” exchange. However, because our earlier 
studies indicated that direct treatment of the soluble fraction of 
rat liver with Norit both lowered the endogenous exchange by 
as much as 50% and permitted stimulation of the ATP-PP; 
exchange by many amino acids which had not been stimulatory 
before treatment, an attempt was made to purify the soluble 
fraction of the mammary gland by this procedure (Table I). It 
may be observed that the endogenous exchange is lower in these 
preparations than in the untreated soluble fraction, and that 
fifteen of the amino acids now seem to stimulate the exchange 
reaction. 

The data of Table II depict the results obtained when glutamic 
acid, glycine, and leucine were tested with the same preparation 
of mammary gland before and after treatment with Norit. Of 
these amino acids tested in the untreated soluble fraction, only 
leucine stimulated the exchange. On the contrary, glutamic 
acid was not activated and glycine seemed to reduce the extent 
to which this reaction occurred in these extracts. Treatment of 
the soluble fraction with Norit lowered the endogenous exchange 
28%. The exchange reaction could then be stimulated signifi- 
cantly (t-test, 95%) by the addition of either glutamic acid or 
leucine, but not glycine. 

The values for the endogenous exchange for both untreated 
and treated soluble fractions are higher than those shown for 
the previous experiments (Table I). Because the animals used 
in the later experiment were 20 days post-partum instead of 5 
days post-partum, a direct comparison is not proper. It was 
noted, however, that there was a tendency toward higher values 
of endogenous exchange in late lactation with considerable varia- 
tion from animal to animal throughout all of lactation. 

In an attempt to understand the conditions accompanying the 
decrease in the endogenous exchange, the soluble fraction was 
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analyzed before and after treatment with Norit for protein, 
amino acids, and materials reacting with orcinol. In ten experi- 
ments, the decreases in the amounts of these components ranged 
between 18 to 49%, 10 to 29%, and 50 to 90%, respectively. 

Because of the success of treatment with Norit in purifying 
the soluble fraction, other adsorbent and ion exchange materials 
were investigated. Among those tested, encouraging results 
were obtained with the use of Sephadex G-25. Fractions col- 
lected from the passage of the soluble portion of mammary gland 
through a column of Sephadex G-25 were analyzed for protein, 
amino acid, and materials reacting with orcinol. 

As may be observed in Fig. 1, the fractions rich in protein 
appear in advance of the fractions containing most of the ma- 
terials of lower molecular weight, some of which react with nin- 
hydrin and orcinol (Fractions 11 to 18). Traces of these 
materials are found, however, in the protein fractions. Corre- 
spondence between shapes of the curves depicting amino acid 
and materials reacting with orcinol (Fractions 7 and 8) suggests 
that an amino acid-soluble-RNA complex might be present. 

Fractions 7 and 8 upon reaction with orcinol possessed the 
ratio of absorbancies at 660 my and 540 my of approximately 3, 
which is characteristic of pentoses (16). Similar analyses of 
Fractions 13, 14, and 15 gave absorbancy ratios less than 1, 
which is characteristic of hexoses (probably those from lactose 
in this case). 

Quantities of crystalline bovine serum albumin, soluble-RNA 
from rat liver (17), and glycine were combined to approximate 
the concentrations of protein, the unknown pentose-containing 
compound, and amino acids in the mammary soluble fraction. 
When this mixture was passed through Sephadex G-25, the sol- 
uble-RNA with a small quantity of amino acid appeared in the 
early fractions, accompanying the protein, whereas the major 
portion of the amino acid moved off the column in later fractions 
similarly to the pattern seen in Fig. 1. The amount of amino 
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Fig. 1. Results of passage of soluble fraction of mammary gland 
of 5-day lactating rat through Sephadex G-25. The amounts of 
protein (open bars), amino acid (solid bars), and materials reactive 
to orcinol (diagonally ruled bars) in 0.5-ml aliquots of each 5-ml 


fraction (numbers of these fractions along abscissa) were deter- 
mined. 
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TaB.Le III 
Effect of various treatments on ATP-PP;** exchange 
The soluble fraction of mammary gland of one animal was incu- 
bated, before and after treatment with Norit or Sephadex G-25, 
with the complete system having tyrosine omitted or added, as 
indicated. The assay mixtures contained either 0.2 ml of the 
untreated, 0.3 ml of the Norit-treated, or 0.4 ml of combined 
Fractions 7 and 8 from the Sephadex column per ml of incubation 
medium. The listed values of the exchange are the means of four 


replicate assays with the standard error of the mean being given 
for each. 





Composition PPj*? exchange 


Treatment of 











— Pes ‘a | | | Increase 

fraction pie | — | os Endogenous | With tyrosine | over en- 

| : | |dogenous 
\mg/ml pmoles/ ml umoles/mg protein/30 min | % 
None..... | 3.2 | 2.3 | 1.5 0.30 + 0.03) 0.388 + 0.03) 27 
era Bot | 1.8 | 0.5 | 0.17 + 0.02) 0.28 + 0.01| 65 
Sephadex.) 1.4 | 0.2 | 0.05 | 0.04 + 0.01) 0.15 + 0.08) 275 





TaBLe IV 


Activation of leucine and glutamic acid in mammary glands at 
various stages of development 

For each assay the inguinal and abdominal mammary glands 
were removed from one pregnant or lactating rat or from six 
virgin animals. These were homogenized in a conical, glass 
(Duall) homogenizer in 0.25 m KCl. The soluble fractions ob- 
tained were treated with Norit and incubations were performed 
with either L-leucine or L-glutamic acid in four replicate tubes. 
The net exchange per mg of protein (exchange in presence of 
added amino acid minus endogenous exchange divided by mg of 
protein used) was calculated for each experiment and these data 
arithmetically averaged for a number of experiments (numbers in 
parentheses). 





Mean net exchange of PPj?2 
Stages of development 





t-Leucine | t-Glutamic acid 





pumoles/30 min/mg protein 


eee eee eed Se Ry apes We A 0 (5) | 0 (3) 
Pregnant (last trimester)........... 0.67 (4) | 0.83 (3) 
Early lactating (1-10 days post par- 

ney RR aS Es. 1.00 (15) | 0.81 (15) 
Late lactating (15-21 days post par- | 

WEED) 2S 2. io acacia oe area 0.75 (8) 0.36 (7) 








acid present in the early fractions was roughly equivalent to the 
amount present in the preparation of soluble-RNA which was 
used. 

To compare the relative effectiveness of the purification treat- 
ments on the ATP-PP;® exchange, untreated soluble fraction, 
soluble fraction treated with Norit, and soluble fraction after 
passage through a Sephadex column were tested with and with- 
out added tyrosine and also analyzed for protein, amino acids, 
and “pentose” (Table III). Tyrosine was chosen because of its 
high activity in promoting the ATP-PP;* exchange; however, 
similar results were obtained with other amino acids in additional 
experiments. 

Treatment with Sephadex is more efficient than treatment 
with Norit in decreasing the content of amino acids and materials 
containing pentose and in lowering the endogenous exchange. 
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It is of further interest that the same absolute stimulation of the 
exchange reaction by tyrosine was obtained in the two treated 
preparations. 

Other experiments to ascertain whether the demand for in- 
creased protein biosynthesis in the mammary gland is accom- 
panied by an increased ability to activate amino acids are sum- 
marized in Table IV (the amino acids, leucine and glutamic acid, 
were arbitrarily used). A trend of increasing activity from no 
detectable exchange in the preparations from virgin animals to a 
maximal response in those animals in early lactation was ob- 
served. The level of exchange appeared to be lower in glands 
in late lactation than in those in early lactation. 


DISCUSSION 


The lactating mammary gland, because of its rapid anabolic 
metabolism, contains pools of many substrates required for pro- 
tein, lipid, and carbohydrate biosynthesis. Treatment of the 
soluble fraction of lactating mammary gland with Norit reduced 
the concentrations of these substrates and simultaneously 
diminished the extent to which the endogenous ATP-PP;*” ex- 
change reaction occurred. Treatment with Sephadex was even 
more effective. 

After either of these methods of treatment, there was an en- 
hanced ability of most of the amino acids to stimulate the ATP- 
PP; exchange. Thus, it seems that the inability of many amino 
acids to stimulate the exchange reaction in crude preparations 
(e.g. untreated soluble fraction) may be caused by the presence 
of sufficient quantities of various amino acids to saturate their 
respective activating enzymes. The presence of endogenous 
soluble-RNA to react with amino acyl adenylates and thus limit 
the exchange reaction (18) and the instability of some of the 
activating enzymes to manipulation (19) may play minor roles 
in preventing a stimulation of the exchange reaction by some 
amino acids. 

Occasionally, in the crude soluble fraction, but rarely in a 
purified preparation, the addition of an amino acid seemed to 
inhibit the endogenous exchange (Table I). This observation 
may be related to that of DeMoss and Novelli (11) that the 
addition of a complete mixture of amino acids failed to produce 
the exchange rate which was expected from the sum of the rates 
of exchange for the amino acids tested individually. That por- 
tion of the endogenous exchange caused by the presence of one 
amino acid in the untreated soluble fraction may be inhibited by 
the addition of another amino acid. 

The effect of glutamic acid in purified preparations of the sol- 
uble fraction was of particular interest in view of earlier reports 
(20-23) that this amino acid possessed only limited capacity to 
stimulate the exchange reaction. The exchange of P;® with 
ATP, a corollary of glutamine biosynthesis, was not stimulated 
by the presence of glutamic acid in these preparations.* It is 
probable, therefore, that the reaction detected is the activation 
of the a-carboxyl group for the incorporation of glutamic acid 
into proteins. 

It was of interest to find that the increases in the rate of pro- 
tein biosynthesis in the proliferative and lactating stages of 
mammary gland development were reflected in an increased 
capacity of suitably prepared extracts to activate amino acids. 


3E. T. Bucovaz and J. W. Davis, unpublished results. 
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The presence in the soluble fraction of glands of lactating animals 
of variable quantities of milk, which was unable to catalyze the 
ATP-PP;® exchange,’ led to variations in the exchange per 
milligram of protein of different preparations. The values in 
Table IV for lactating rats are probably smaller and more vari- 
able than if the glandular tissue alone could have been used in 
measuring the exchange; hence the differences may be even more 
striking. 


SUMMARY 


The apparent capacity of the soluble fraction of rat mammary 
gland to catalyze amino acid-dependent exchange of adenosine 
triphosphate and radioactively labeled inorganic pyrophosphate 
may be greatly enhanced through the use of one of two simple 
purification procedures. After treatment with Norit or Sepha- 
dex the endogenous exchange in the soluble fraction is decreased 
markedly. These purifications of the fraction also resulted in a 
diminution in the amount of various endogenous materials, in- 
cluding amino acids. 

Developmental changes in the mammary gland during preg- 
nancy and lactation were accompanied by an increased stimula- 
tion of the adenosine triphosphate-radioactively labeled inor- 
ganic pyrophosphate exchange per milligram of protein by leucine 
and glutamic acid. This exchange activity seemed to recede in 
late lactation. 
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In a continuation of work on gene-enzyme relationships in 
histidine biosynthesis (1, 2) we have examined the early steps of 
the biosynthetic pathway in Salmonella typhimurium. It has 
been found that the first enzyme of the pathway catalyzes the 
condensation of 5-phosphoribosyl-1-pyrophosphate and adeno- 
sine triphosphate to form pyrophosphate and a product which has 
been isolated and characterized as N-1-(5’-phosphoribosy!)-ATP 
(Fig. 1). This enzyme has been named phosphoribosyl-ATP 
pyrophosphorylase. The reaction is reversible and is very 
strongly inhibited by histidine. One class of histidine-requiring 
mutants (Hartman et al. 3, 4) is lacking this enzyme. The con- 
version of N-1-(5’-phosphoribosyl)-ATP to imidazoleglycerol 
phosphate, a precursor of histidine (5), is also described. 

Our investigations stem from the findings of Moyed and 
Magasanik (6) who first described the enzymatic formation of 
imidazoleglycerol phosphate in a system containing a bacterial 
extract, ribose 5-phosphate, an ATP-generating system, gluta- 
mine, and Mg++. They demonstrated that ATP was converted 
to 5-amino-1-ribosyl-4-imidazolecarboxamide-5’-phosphate with 
the transfer of the purine N-1 and C-2 atoms to the ring of 
imidazoleglycerol phosphate. When glutamine was left out of 
their system an intermediate of uncertain structure (Compound 
III)! was accumulated (6). This intermediate seemed to be a 
bound form of 5-amino-1-ribosyl-4-imidazole-carboxamide-5’- 
phosphate. The formation of Compound III was inhibited by 
histidine. 

We have shown that N-1-(5’-phosphoribosyl)-ATP is a pre- 
cursor of Compound III and can be converted to it. 

During the course of our investigation, Klopotowski et al. (7) 
described in extracts of yeast the accumulation of an uncharac- 
terized intermediate between 5-phosphoribosy]-1-pyrophosphate 
and Compound III. The accumulation of this compound was 
inhibited by histidine. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Ribose Determination—An orcinol method for ribose deter- 
mination (8) was used on a $-volume scale. When a solution 
containing 10 mumoles of AMP was heated for 20 minutes with 
the orcinol reagents, as called for in the method, an absorbancy 


‘By Compound III we refer to the compound described by 
Moyed and Magasanik (6) which has the following properties. 
On acid hydrolysis it yields an equivalent of material which gives 
the same color dye in the Bratton-Marshall test as does AICAR. 
It is converted enzymatically to AICAR and imidazoleglycerol 
phosphate on incubation with NH,Cl. It has a strong absorption 
at 290 my. 


of 0.388 at 675 mu developed. The 20-minute period of heating 
was sufficient to give maximal color development with phos- 
phoribosyl-ATP.? 

Phosphate Determination—Inorganic phosphate was deter- 
mined by a slight modification (9) of the procedure of Chen et al. 
(10). The determination of total phosphate has been described 
previously (9). A standard of 10 mymoles of phosphate re- 
sulted in an absorbancy of 0.260 at 820 my in these procedures. 

Bratton-Marshall Determination of Diazotizable Amine— 
AICAR produced enzymatically in an incubation mixture could 
be determined by diazotization with nitrous acid and subsequent 
coupling of the diazo product with N-(1-naphthyl)ethylenedi- 
amine to give a red dye (11). The procedure used was a modifi- 
cation of that of Bratton and Marshall (12). To a sample con- 
taining 0.35 ml of incubation mixture at 0° was added 0.1 ml of 
1 N HCl and 0.05 ml of 5% nitrous acid. The tube was allowed 
to stand 2 minutes at 0°, 0.25 ml of 5% ammonium sulfamate was 
added, and the solution thoroughly mixed and left at room 
temperature. The color was developed 2 minutes later by addi- 
tion of 0.25 ml of 0.1% solution of N-(1-naphthyl)ethylenedia- 
mine-2HCl. The samples were read in a spectrophotometer at 
550 my after 15 minutes. A sample containing 10 mumoles of 
5-amino-1-ribosyl-4-imidazolecarboxamide added to an incuba- 
tion mixture lacking substrate was used as a standard and gave an 
absorbancy of 0.270 at 550 mu. 

In the determination of bound diazotizable amine the sample 
was heated at 100° for 5 minutes after the addition of HCl and 
before the addition of nitrous acid (6). 

Imidazoleglycerol Phosphate Determination—This determina- 
tion was based on the conversion of imidazoleglycerol phosphate 
to imidazole formaldehyde by periodate oxidation. The imidaz- 
ole formaldehyde was extracted into butanol-piperidine and its 
concentration determined by the absorbancy at 315 mu. The 
general method has been described previously (5), but several 
modifications were introduced to make the procedure applicable 
to incubation mixtures. To 0.30 ml of incubation mixture 0.1 
ml of 1 m periodic acid (H;IO¢) solution was added and the oxi- 
dation allowed to proceed for 15 minutes at 25°. Then, 0.1 ml of 
2 o tripotassium phosphate solution and 0.5 ml of freshly pre- 
pared n-butanol-piperidine (9:1) were added. The tubes were 
shaken vigorously and centrifuged briefly. The top layer was 
removed with a micropipette and read at 315 myu.* An ab- 


2 The abbreviations used are: PRPP, 5-phosphoribosyl-1- 
pyrophosphate; phosphoribosyl-ATP, N-1-(5’-phosphoribosy])- 
ATP; AICAR,  5-amino-1-ribosyl-4-imidazolecarboxamide-5’- 
phosphate. 

3 The spectrophotometer was fitted with a baffle so that sample 
volumes of 0.3 ml could be used. 
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sorbancy of 0.106 was obtained from 10 mumoles of imidazole- RESULTS 


glycerol phosphate. 

Chemicals—Phosphoribosylpyrophosphate -Mg2-2H20 was ob- 
tained from Pabst Laboratories, Milwaukee, Wisconsin. Be- 
cause PRPP is unstable in solutions in the presence of Mg** (13), 
the solutions were prepared with a stoichiometric quantity of 
ethylenediaminetetraacetate. PRPP has been shown to be 
stable in the presence of magnesium ethylenediaminetetraacetate 
(13). PRPP (4.7 mg) was dissolved in 0.2 ml of 0.1 m disodium 
ethylenediaminetetraacetate, the pH adjusted to 7 with 1 m Tris 
(free base), and the solution made up to 1.0 ml with water. This 
solution assayed 6.6 mm with respect to PRPP* and is stable for 
at least several weeks at —15°. 

ATP, dATP, and the other nucleotides used were purchased 
from the Sigma Chemical Company, St. Louis, Missouri; 0.1-m 
solutions at pH 6 were stored at —15°. 

1,2,4-Triazole-3-pt-alanine and 2-thiazole-pL-alanine were 
obtained from Dr. R. G. Jones of Eli Lilly and Company. 

Growth of Strains and Preparation of Extracts—The conditions 
for growing the various histidine-requiring mutants of S. typhi- 
murium and the method of preparing extracts have been de- 
scribed in detail (2).5 

In the case of mutants hisG-46 and hisEF-135, the cells were 
grown on 0.05 mm L-histidinol as a histidine source. They had 
a specific activity for each of the histidine enzymes which was 10 
to 30 times that of an extract of the wild type strain grown on 
minimal medium. The cells were harvested, suspended in 0.01 
M Tris, pH 7.5, and treated in a sonic oscillator (10 ke, Raytheon) 
for 10 minutes. The succeeding steps were as described for the 
other mutants (2). The protein concentration of the final ex- 
tract was approximately 10 mg per ml. 


4 This is the purity (66%) indicated by the manufacturers and 
the same value was found by Dr. Gavin Crowley on assaying a 
sample from the same lot by means of the orotidylate assay (13). 

5B. N. Ames and B. J. Garry, manuscript in preparation. 


Phosphoribosyl-ATP Pyrophosphorylase 


Enzyme Assay—When PRPP and ATP were incubated with 
an extract of S. typhimurium, an increase in absorbancy at 2% 
my was observed, caused by the formation of a product of the 
reaction. The isolation of this product and its characterization 
as phosphoribosyl-ATP are described in a succeeding section. 
The assay of the enzyme, phosphoribosyl-ATP pyrophosphoryl- 
ase, was based on the determination of the rate of increase of 
absorbancy at 290 my in a reaction mixture containing the two 
substrates. The assay mixture contained 30 umoles of Tris-HCl 
buffer of pH 8.5, 4 umoles of MgCl, 0.14 uwmoles of PRPP, 2 
umoles of ATP, and enzyme in 0.5 ml of solution. The increase 
in absorbancy at 290 my was determined in a Cary spectropho- 
tometer’ at 25°, with the use of a reagent blank lacking PRPP. 
A unit of enzyme activity was defined as that amount of enzyme 
yielding a change of 1.0 absorbancy unit per 4 minutes under the 
conditions of the assay. The proportionality of the change in 
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absorbancy at 290 my to the enzyme concentration is shown in 


Fig. 2. 

The assay, as described, was only quantitative when the en- 
zymes of the biosynthetic pathway that metabolize phosphori- 
bosyl-ATP further were not present (e.g. in mutants hisEF-135 
or hisEFAHBCD-712). A modified procedure was used when it 
was desirable to assay the pyrophosphorylase in mutants contain- 
ing some of the enzymes that further metabolize phosphoribosyl- 
ATP to Compound III.!' An excess of these enzymes was added 
to the assay cuvette (by adding an extract of mutant hisG-46, 
which lacks the pyrophosphorylase) and the appearance of the 
absorption at 290 mu of Compound III (6) was measured. 
Compound III is metabolized further only in the presence of 


ammonia® (which was not present in the reaction mixture). At 


* Moyed and Magasanik (6) reported that either glutamine or 
ammonia were necessary for this reaction. Magasanik has indi- 
cated, however, (personal communication) that their extracts were 
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Fig. 2. The proportionality of enzyme concentration to the rate 
of increase of 290 my absorbancy. Varying amounts of an extract 
of mutant hisEFAHBCD-712 were used as indicated, and the 
increase of 290 my absorbancy was measured for 4 minutes in a 
Cary recording spectrophotometer. The assay is described in 
the text. 


pH 8.5, Compound III had about 2.5 times the extinction of 
phosphoribosyl-ATP at 290 my and this factor must be used in 
calculating enzyme units for the modified assay. This second 
assay can be used for extracts of any of the strains, if dialyzed 
extracts free from ammonia are used. 

Preparation of Enzyme—Mutant hisEF-135, grown on his- 
tidinol, was used to prepare an extract containing the pyrophos- 
phorylase.’?’ This extract (treated with Sephadex) usually had a 
specific activity for the pyrophosphorylase 10 to 30 times that of a 
similar extract of the wild type cells. This extract will be re- 
ferred to as the crude extract. For some experiments an enzyme 
preparation with a 10-fold higher specific activity was obtained 
by sucrose gradient centrifugation and fractionation, a purifica- 
tion step which has been described in a study (14) of the sedimen- 
tation coefficient of the pyrophosphorylase (s = 8.6, approximate 
molecular weight calculated as 170,000). 

The crude extract was also purified about 5-fold by another 
procedure. The extract was treated with spermine (0.03 mm) 
to remove nucleic acid, and the precipitate was centrifuged down 
and discarded. The supernatant was then passed through a 
Sephadex G-75 column (15) and the material not held up by the 
column was collected. This material was then adjusted to pH 
6.4 and subjected to a 3-minute heating at 54°. The inactive 
precipitate was centrifuged down and the active supernatant was 
stored at —15°. 

Specificity of Pyrophosphorylase—The reaction required ATP, 
PRPP, and Mg++ (Table I). Ribose 5-phosphate was inactive 
in replacing PRPP unless the PRPP synthesizing enzyme (13) 
was also added. AMP, UTP, CTP, and GTP did not substitute 
forthe ATP. ADP showed some activity in replacing ATP, but 
this might have been caused by adenylate kinase activity, 





contaminated with glutaminase and that glutamine was being 
converted to ammonia. In our experiments glutamine was only 
15% as effective as ammonia. 

' The purification of this enzyme and the kinetics of the histidine 
inhibition of the purified enzyme will be reported in detail in a 
separate communication. 
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resulting in the production of ATP from the ADP. Deoxy-ATP 
substituted for ATP in the reaction. The reaction could be 
completely inhibited by adding 5 ywmoles of ethylenediamine- 
tetraacetate. 

Stoichiometry—The reaction required 1 mole of PRPP and 1 
mole of ATP for each 1 mole of phosphoribosyl-ATP formed 
(Table II). The enzyme preparations contained an active 
pyrophosphatase and it was not possible to demonstrate the 
stoichiometric formation of pyrophosphate as the other product 
of the reaction. On adding pyrophosphate to phosphoribosyl- 
ATP in the presence of the pyrophosphorylase, the absorbancy 
at 290 mu completely disappeared, indicating the complete 
reversibility of the reaction (Fig. 3). Neither ATP nor PRPP 
absorbed appreciably at 290 mu. The secondary rise in ab- 
sorbancy shown in Fig. 3 is presumed to be caused by the hy- 
drolysis by pyrophosphatase of the pyrophosphate added, with a 
consequent partial reversal of the reaction. 

Phosphoribosyl-ATP Pyrophosphorylase and Coordinate Re- 
pression—We have shown in S. typhimurium that histidine 
acts as a repressor and seems to affect the level of four of the 
histidine biosynthetic enzymes to the same extent. We have 
called this phenomenon coordinate repression (1). The activities 
of pyrophosphorylase and of two other histidine biosynthetic 
enzymes, histidinol phosphate phosphatase and_histidinol 


TaBLe I 
Substrate specificity of pyrophosphorylase* 

















Rate (increase 
Assay components ef 
103/4 min. 

ATP (4 mm)...| PRPP (0.27 mm) | Mg*t (8 mm) 94 

PRPP (0.27 mm) | Mg** (8 mm) <4 
ATP (8 mm)...| PRPP (0.27 mm) | Mgt+ (8 mm) 99 
ATP (2 mmo)...} PRPP (0.27 mm) | Mgt+ (8 mm) 72 
GTP (4 mm)...| PRPP (0.27 mm) | Mgt+ (8 mm) <1 
UTP (4 mm)...| PRPP (0.27 mm) | Mg*+ (8 mm) <3 
CTP (4 mm)...| PRPP (0.27 mm) | Mgt+ (8 mm) <1 
AMP (4 mm)...| PRPP (0.27 mm) | Mg*+ (8 mm) <2 
ADP (4 mo)...| PRPP (0.27 mm) | Mgt+ (8 mm) 30 
dATP (4 mm)..| PRPP (0.27 mm) | Mgt+ (8 mm) 61 
ATP (4 mm)...| PRPP (0.27 mm) <2 
ATP (4 mm)...| PRPP (0.27 mm) | Mgt+ (16 mm) 88 
ATP (4 mmo)...| PRPP (0.27 mm) | Mgt (4 mm) 83 
ATP (4 mm)... Mg*+ (8 mmo) © <i 
ATP (4 mm)...| PRPP (0.54 mm) | Mg*+ (8 mm) 93 
ATP (4 mm)...| PRPP (0.14 mm) | Mgt (8 mm) 85 
ATP (4 mm)...| R-5-P (0.40 mm) | Mg*+ (8 mm) <2 
ATP (4 mm)...| R-5-P + synthet- | Mg** (8 mm) 43 

aset 














* The complete assay is described under ‘‘Enzyme Assay”’ and 
the same components have been used except for the indicated 
substitutions or omissions. The assays were measured against 
a water blank. The 10-fold purified hisEF-135 extract was used. 

Tt In addition to the 0.40 mm ribose-5-P, 0.05 ml of a preparation 
of PRPP synthetase (13) was added. This enzyme was prepared 
by Dr. Gavin Crowley and kindly furnished by him. 
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dehydrogenase, were measured in cells grown in three different 
media (Table III). Cells grown on formylhistidine or histidinol 
had a growth rate limited by the amount of histidine available® 
(1), and, therefore, had high levels of the histidine biosynthetic 
enzymes. Under all growth conditions the ratio of the activity 


TaBLeE II 
Reaction stoichiometry 





Substrate input* Product formedt 








PRPP ATP | Phosphoribosyl-ATP 
mpmoles | mumoles | mpmoles 
13.2 | 2000 14.4 
26.4 2000 | 28.5 
132 32.4 35.2 
132 54.0 64.0 





* The other components of the assay mixture are as described 
in ‘‘Enzyme Assay.’’ The pyrophosphorylase used was the heat- 
treated preparation (cf. ‘‘Preparation of Enzyme’’). The 0.03 
ml of enzyme added to each cuvette was enough to completely 
convert the PRPP or ATP to phosphoribosyl-ATP in about 30 
minutes, 7.e. maximal absorbancy at 290 my was reached in this 
time. 

+A molar extinction coefficient for phosphoribosyl-ATP of 
1940 at pH 8.5 and 290 mz was used in converting absorbancy to 
mumoles. This figure was obtained from independent data on the 
pure compound and the 10% discrepancy in the stoichiometry 
data might be ascribed to small error in the extinction coefficient 
cf. ‘‘Structure’’). 
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Fig. 3. The reaction mixture contained 0.09 umole of phosphori- 
bosyl-ATP, 0.05 ml of a heat-treated pyrophosphorylase (from 
mutant hisEF-135), 30 umoles of pH 8.5 Tris buffer, and 4 umoles 
of MgCle, in 0.5 ml, and the reaction was followed in the spectro- 
photometer at 290 mu against a blank without phosphoribosyl- 
ATP, both at 25°. At zero time, 2 uwmoles of potassium pyro- 
phosphate were added (solidline). In another similar experiment, 
0.5 umole of potassium pyrophosphate was added (dotted line). 
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TaBLeE III 
Repression of pyrophosphorylase 











Specific activity | Ratiost 
i > @itesan | 
Extract from cells of hisEF- | Histi- | 
135 grown on:* er a Histidinol | 
deat | eat dehydro- | D/Py | P/Py | P/D 
ase | phos- — 
| phatase 
| 
units/mg protein | a 
| 
L-Histidinol (0.05 mm)..| 0.84 | | 3.22 | 3.8 
Formy]-t-histidine | 
8) ere 0.55 | 14.0 | 1.69 | 3.1 | 25 | 8.3 
L-Histidine (0.2 mm)...| 0.12 3.34 0.51 4.3 28 | 6.6 





* Histidine-requiring mutant hisHF-135 was grown for 15 hours 
with histidinol, formylhistidine, or histidine as a histidine source, 
and extracts were made, as previously described’ (2). The assays 
for the phosphatase and dehydrogenase, and the protein deter- 
mination have been previously described (2). 

+ The ratio of specific activities of the pyrophosphorylase (Py), 
dehydrase (D), and phosphatase (P). 


of one histidine biosynthetic enzyme to another was constant 
regardless of the specific activities of the enzymes. The constant 


ratio of pyrophosphorylase to dehydrogenase and of pyrophos- | 


phorylase to phosphatase indicates that this enzyme is also co- 
ordinately repressed. 

Histidine-Requiring Mutants Lacking Pyrophosphorylase— 
Several mutants in each of Hartman’s (3, 4) classes of histidine 


236, No.7 | 





mutants were tested for pyrophosphorylase activity and only | 


strains having mutations in the G gene were lacking this enzyme. 
In Fig. 2 the pyrophosphorylase activity of mutant hisHFAH- 
BCD-712 is shown. This is a mutant with a chromosomal dele- 
tion’ for all of the histidine genes except G.2 Mutants hisG-46, 


hisG-200, and hisG-52 had a specific activity for the pyrophos- | 


phorylase of less than 0.002 even when grown on formylhistidine 


or histidinol (conditions resulting in high levels of enzymes for | 


all the other mutants, cf. Table IIT). 
extracts showed no activity. Extracts of these G mutants con- 


Mixtures of these three G 


verted phosphoribosyl-ATP to imidazoleglycerol phosphate; | 
these extracts also contain the enzymes for converting imidazole- | 


glycerol phosphate to histidine (2). 

Histidine Inhibition of Pyrophosphorylase—.-Histidine was a 
very potent inhibitor of the pyrophosphorylase.?’ When the 
complete assay mixture described in Table I contained, in addi- 
tion, 4 x 10-5 m L-histidine, the rate was inhibited by 67%; 4 
histidine concentration of 10-4 m resulted in complete inhibition. 
The condensation of PRPP with dATP was also inhibited by 
histidine. p-Histidine and 1,2,4-triazole-3-pL-alanine did not 
inhibit appreciably, even at 2 X 10-*m. 1-Histidinol inhibited 
the pyrophosphorylase slightly and thiazole-pL-alanine inhibited 
it nearly as well as L-histidine. Evidence that thiazole-alanine 
inhibits Compound III formation has been presented by Moyed 
and Friedman (16). 


Phosphoribosyl-A TP 
Assay—Several assays were developed for the determination 


of phosphoribosyl-ATP, based on the quantitative enzymatic , 


8 Mutants damaged over a length of the chromosome are called 
deletion mutants, as contrasted with the more common point 
mutants. 

9 P. E. Hartman, personal communication 
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conversion of phosphoribosyl-ATP to later metabolites in the 
biosynthetic pathway. When phosphoribosyl-ATP was _in- 
cubated with NH,Cl* and an excess of an extract of mutant his- 
G-46 (this mutant lacks the pyrophosphorylase), the phosphori- 
bosyl-ATP was converted to an equivalent of imidazoleglycerol 
phosphate and an equivalent of AICAR. When the NH,Cl was 
left out of the incubation mixture an equivalent of Compound 
III (6)! was formed instead. 

AICAR was determined after incubation of the following com- 
ponents: from 0.003 to 0.03 umole of phosphoribosyl-ATP, 0.02 
ml of an extract of hisG-46 (cf. “Materials and Methods’), 10 
umoles of NH,Cl, and 50 wmoles of pH 8.5 Tris buffer, in a vol- 
ume of 0.35 ml. The mixture was incubated 30 minutes at 37° 
and then assayed for AICAR by means of the Bratton-Marshall 
reaction (cf. “Materials and Methods’). The absorption spec- 
trum of the Bratton-Marshall dye produced was identical to that 
standard of 5-amino-1-ribosyl-4-imidazolecarboxamide (Amax 550 
mu) and quite different from the spectrum of the dye obtained 
from 5-amino-4-imidazolecarboxamide (Amax 535 my). A control 
tube without phosphoribosyl-ATP was used in the assay. Phos- 
phoribosyl-ATP alone gave no Bratton-Marshall reaction. 

When Compound III was to be measured, the same general 
procedure was used except that NH,Cl was omitted from the 
incubation mixture and the Compound III formed was subjected 
to acid hydrolysis (cf. ‘Materials and Methods’’) before the 
Bratton-Marshall determination. The Bratton-Marshall dye 
produced had the same absorption spectrum as that of 5-amino- 
1-ribosyl-4-imidazolecarboxamide. Phosphoribosyl-ATP _ itself 
did not yield any diazotizable amine after hydrolysis. 

To measure imidazoleglycerol phosphate production, the 
incubation mixture contained per 0.30 ml: 0.005 to 0.05 umole 
of phosphoribosyl-ATP, 30 wmoles of pH 8.4 triethanolamine 
buffer,!° 0.02 ml of an extract of mutant hisG-46 (cf. “Materials 
and Methods’’), and 10 wmoles of NH,Cl. An identical incuba- 
tion mixture was kept in an ice bath and used as a blank. The 
imidazoleglycerol phosphate was determined (cf. ““Materials and 
Methods’’) after a 30-minute incubation at 37°. 

Enzymatic Synthesis—Phosphoribosyl-ATP was generated in 
an incubation mixture containing per ml: 50 umoles of pH 8.0 
Tris buffer, 4 umoles of MgCl», 2 wmoles of ATP, 0.6 umole of 
PRPP, and approximately 0.1 mg of protein from an extract of 
cells of mutant hisEF-135 that had been grown on histidinol. 
The mixture was incubated at 37° and the course of the reaction 
was followed by determining the increase in 290 my absorbancy. 
The reaction was stopped after about 2 hours when no further 
absorbancy increase was observed. The total increase was 
usually about 0.6 or 0.7 absorbancy units. The reaction mixture 
was then adjusted to pH 7 with approximately 0.01 ml of 1 N 
HCl per ml. This material was frozen for several days without 
destruction of phosphoribosyl-ATP. 

Isolation—Phosphoribosyl-ATP was found to be extremely 
labile in alkaline solution, but was quite stable between pH 4 and 
7, and, consequently, any unnecessary exposure to alkaline pH 
was avoided in the isolation. The phosphoribosyl-ATP was 
assayed during purification by converting it enzymatically to 
AICAR. 

The first step for the purification of the phosphoribosyl-ATP 
was a gel filtration. When an extract is passed through a 
Sephadex G-25 (15) column, the substances with a molecular 


‘© Tris buffer interferes in the periodate oxidation. 


B. N. Ames, R. G. Martin, and B. J. Garry 


2023 


weight of approximately 3500 and over (15) emerge first, followed 
by a fraction of lower molecular weight. It was found that, 
under conditions of low salt, the phosphoribosyl-ATP was eluted 
in the first fraction" and that consequently it could be separated 
from the buffer, salt, and other small molecules. In a typical 
experiment, a column (25 mm in diameter) of 100 g of Sephadex 
G-25 was washed with water, and 47 ml of an incubation mixture 
containing 10 wmoles of phosphoribosyl-ATP were placed on the 
column. Fractions of 20 ml were collected. The material was 
eluted from the column with distilled water. Fractions with a 
280:290 muy ratio of less than 7 were collected (tubes 7 to 15) and 
pooled. The material contained about 80% of the original 
phosphoribosyl-ATP. The pH of the pooled fractions was 
approximately 4.5. 

The combined eluates from the Sephadex column were ly- 
ophilized. The dried material was taken up in 3.5 ml of water to 
produce a turbid solution at pH 6. The denatured protein was 
removed by passage through a Millipore filter (Millipore 
Filter Corporation, Bedford, Massachusetts). This clarified 
solution contained all the phosphoribosyl-ATP activity that 
had been lyophilized. It could be stored several months at 
—15° without loss of phosphoribosyl-ATP. 

The clarified phosphoribosyl-ATP solution was chroma- 
tographed at 4° on a diethylaminoethyl-cellulose (Selectacel, 
Brown Company, Berlin, New Hampshire) column (1 cm in di- 
ameter X 24.5 cm) which had previously been washed with 100 
ml of 10 m LiCl and then with about 500 ml of water. 

A 0.5-ml portion of the phosphoribosyl-ATP solution was 
placed on the column and was eluted with a linear gradient (200 
ml) of 0 to 1 m LiCl." Fractions of 1 ml were collected and 
examined for ultraviolet absorption. The phosphoribosyl-ATP 
(determined by conversion to AICAR) was present in Fractions 
87 to 91. A small amount of unidentified material with 290-my 
absorbancy emerged in Fractions 83 to 85. Fractions 97 to 101 
contained ATP, as determined by phosphate analyses and spec- 
tral properties. Each of the three main fractions in the phos- 
phoribosyl-ATP peak was analyzed for ribose, total phosphate, 
spectrum, and convertibility to AICAR; the data indicate that 
the material was homogeneous (Table IV). Fractions 88 to 90 
were pooled, adjusted to pH 6, and stored at —15°. The phos- 
phoribosyl-ATP preparation was stable over a 2-month storage 
period at —15°. In other preparations, 3 ml of material were 
chromatographed on the same size column with similar results. 

Structure—The analysis of the isolated compound is presented 
in Table IV. Each mole of compound (as determined by con- 
version to AICAR) contains 2 moles of ribose and 4 moles of 
phosphate. This analysis is consistent with the structure 
presented (Fig. 1). 

A molar extinction coefficient (€) of 1940 was determined for 
the isolated phosphoribosyl-ATP at 290 my and pH 8.5 (molarity 
based on ribose and phosphate analyses). An € of 2160 (290 
my, pH 8.5) was independently calculated based on the stoi- 
chiometry in Table II; the absorbancy observed upon the 
consumption of one equivalent of PRPP or ATP was assumed to 
be caused by the formation of one equivalent of product. The 
agreement between these € values is further support for the for- 
mulation presented in Fig. 1. The 10% discrepancy between 

11 A similar behavior has been described for other nucleotides by 
Gelotte (17). 


12 LiCl is quite soluble in organic solvents and can be removed 
from the final dried product by alcohol extraction 
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these values could be caused by slight differences in pH; at pH 
8.5 the absorbancy of phosphoribosyl-ATP at 290 muy is very 
sensitive to change in pH (cf. below). 

An equivalent of AICAR was produced concomitant with the 
conversion of phosphoribosyl-ATP to imidazoleglycerol phos- 
phate; a preparation of phosphoribosyl-ATP assayed 0.37 mm by 
conversion to imidazoleglycerol phosphate, and 0.43 mm by the 
AICAR formation assay. 

The lability of the four phosphates to acid hydrolysis was 
studied in the isolated compound. A preparation of phos- 


TaBLE IV 
Analysis of phosphoribosyl-ATP 





Phospho- 








Fraction = po ribose PP | rode rota 
trl gait 74 ae mnie ~ mumoles | 
No. 88 65 177 360 0.45 | 2.90 
No. 89 81 190 443 | 0.46 | 2.92 
No. 90 |} 39 105 215 0.44 | 2.97 





*The phosphoribosyl-ATP was determined by enzymatic 
conversion to AICAR; these values seem to be about 25% low. 
It is believed that this is caused in part by the destruction of the 
phosphoribosyl-ATP at pH 8.5 during the 30-minute incubation 
at 37°. In buffer pH 8.5 and 37°, phosphoribosyl-ATP lost its 
290-mu absorbancy at the rate of 12% per hour. The presence 
in the enzyme preparation of traces of phosphatases that degrade 
phosphoribosyl-ATP would also lower the value; phosphoribosyl- 
ATP incubated with an hisEF-135 extract (which cannot convert 
phosphoribosyl-ATP into the next intermediate) was destroyed 
at a rate of about 25% per hour at 37°. 
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phoribosyl-ATP was made 0.9 N with respect to HCl and heated 
to 100°. Samples were taken at various times and analyzed for! 
inorganic phosphate. Of the four equivalents of phosphate, 1.0 
was liberated after 2 minutes of heating, 1.7 after 5 minutes, 1.9] 
after 7 minutes, 2.1 after 10 minutes, and 2.4 after 15 minutes, 
These data indicate that two of the phosphates are labile andi 
two stable, consistent with the phosphoribosyl-ATP structure 
proposed. This experiment is essentially the same as the clag 
sical “7-minute hydrolysis” of ATP in which two labile phog- 
phates are liberated and one stable phosphate is not. 

Fig. 4 shows the ultraviolet spectra of the isolated compound 
and its transformation in aqueous alkali. A very similar shift ig 
known to occur with N-1-substituted adenine and has been 
reported by Brookes and Lawley (18) for the conversion im 
alkali of 1-methyladenylic acid to 6-methylaminopurine riboside, 
1-Methyladenylic acid at pH 11.7 has a Amax of 259 my with @ 
shoulder at about 265 my and a plateau in the region 280 to 305 
my (18). The phosphoribosyl-ATP has a very similar spectrum 
(pH 10.2, Fig. 4) with a Amax at 260 my, a shoulder at about 265 
my, and a plateau in the region 285 to 300 mu. 6-Methylaminos 
purine riboside (pH 11.7) has a Amax at 266 mu with no shoulder 
or plateau (18, 19). Similarly, the conversion product of thet 
isolated compound (Fig. 4, pH 10.2) has a Amax at 264 my with 
no shoulder or plateau. These data suggest that phosphor 
bosyl-ATP is an N-1-substituted adenine nucleotide. 

The spectra of the phosphoribosyl-ATP were obtained at 
number of pH values in the range 4 to 13 (Fig. 5). A single pk 
of 8.8 was determined from this data. The absence of a pK af 
about 4 (the amino group dissociation constant) suggests ths 
the compound forms an imino base rather than amino base, 
This would be the case only if the phosphoribosyl group were 
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Fig. 4. Phosphoribosyl-ATP (60 ul, 0.9 mm) was diluted in 1 
ml of 0.10 m pH 10.15 glycine buffer. The ultraviolet absorption 
pattern was immediately obtained with a Cary recording spectro- 
photometer (solid line). The cuvette containing the phosphori- 
bosyl-ATP and the cuvette containing the pure buffer (used as a 


WAVELENGTH IN mp 









blank) were removed from the instrument and incubated in a 45" : 
bath. Absorption patterns were obtained after 30 minutes (dashedy) 
line), 134 minutes (dots and dashes), and 1050 minutes (dotted line}y 
of incubation. 
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CORRECTIONS 
In the paper by Bruce N. Ames, Robert G. Martin, and Barbara J. Garry on 


page 2025, Vol. 236, No. 7, July 1961, the third paragraph under “Discussions” 
should read “The inhibition of the phosphorylase by low concentrations of histi- 
dine etc.” 
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Fie. 5. The spectrum of phosphoribosyl-ATP was obtained at each of a number of pH values. 


In each case 50 ul of a 0.9 mu 


phosphoribosyl-ATP solution were diluted with 1 ml of 0.1 m buffer. The buffers used were as follows: pH 4.0, succinate buffer; 
pH5.4, acetate buffer; pH 7.5, Tris; pH 8.5, Tris; pH 9.0, diethanolamine; pH 10.15, glycine; and pH 13.0, sodium hydroxide. 


The spectra at pH 4 (solid line), at pH 8.5 (dashed line), and at pH 10 (dotted line) are shown. 


pH is plotted in the insert. 


attached to a pyrimidine-ring nitrogen atom (18). 1-Methyl- 
substituted adenine has a pK of 7.2 instead of 4 (18). The 
proposed structure for the compound is, therefore, consistent 
with the spectral data. 


DISCUSSION 


The following facts indicate that the first step of histidine 
biosynthesis in S. typhimurium is the condensation of PRPP with 
ATP. The product of the condensation, phosphoribosyl-ATP, 
can be converted to histidine by a series of enzymes. The en- 
zyme catalyzing this condensation, phosphoribosyl-ATP pyro- 
phosphorylase, is lacking in G mutants. These mutants require 
only histidine as a growth supplement. The substrates of the 
reaction, PRPP and ATP, are both involved in many metabolic 
pathways and any mutation before the pyrophosphorylase would 
result in multiple requirements. All of the histidine-requiring 
mutants other than G mutants are blocked in steps between 
phosphoribosyl-ATP and histidine. 

The evidence that the reaction is PRPP + ATP = PP; + 
phosphoribosyl-ATP, and that the structure is N-1-(5’-phos- 
phoribosyl)-ATP is as follows. The enzymatic reaction requires 
one equivalent each of PRPP and ATP to form one equivalent of 
PR-ATP. The reaction is reversible in the presence of pyrophos- 
phate and phosphoribosyl-ATP. Each equivalent of isolated 
product contains two equivalents of ribose and four of phosphate. 
Of the four phosphates two are acid-labile. The similarity of 
phosphoribosyl-ATP to N-1-methyladenylic acid and dissimi- 
larity to adenylic acid, with regard to absorption spectra, pK, and 
rearrangement in alkali, suggests that phosphoribosyl-ATP 
contains an N-1l-substituted adenosine. The data of Moyed 
and Magasanik (6) indicating that the N-1 and C-2 of adenine 
appear in the imidazole ring of histidine, are also consistent with a 
phosphoribosy! substitution at the N-1 position of ATP. 

The inhibition of the pyrophosphorylase concentrations of 
histidine is an example of feedback inhibition, i.e. the inhibition of 
the first enzyme of a biosynthetic pathway by the end product of 

the pathway (20, 21). There is evidence that feedback inhibi- 


The absorption at 300 mu against 


tion by histidine is important in vivo (16, 22). Histidine does not 
inhibit the other enzymes of the biosynthetic sequence that have 
been tested.* Presumably it was the inhibition of pyrophos- 
phorylase that resulted in the inhibition of Compound III for- 
mation, shown by Moyed and Magasanik (6). Klopotowski et 
al. (7) have investigated histidine biosynthesis in yeast and have 
shown that the formation of an uncharacterized intermediate 
before Compound III is inhibited by histidine. Their yeast 
system seems similar to the S. typhimurium system described 
here. 

The genes controlling histidine biosynthesis have been mapped 
by Hartman et al. (3, 4) and were found to be in a cluster on the S. 
typhimurium chromosome. The genes, each of which has been 
designated by a letter, are adjacent to each other on the chro- 
mosome and are in the order LE, F, A, H, B,C, D,andG. Itis of 
interest to compare the sequence of the genes in the cluster with 
the sequence of the nine biosynthetic enzymes they control. 
The data presented show that gene G controls the first enzyme 
(phosphoribosyl-ATP pyrophosphorylase). It has been shown 
(2) that gene D controls the ninth enzyme (histidinol dehy- 
drogenase), gene C’ controls the seventh enzyme (imidazoleacetol 
phosphate transaminase), and gene B controls the sixth enzyme 
(imidazoleglycerol phosphate dehydrase). Loper' has evidence 
that gene B also controls the eighth enzyme (histidinol phosphate 
phosphatase). Genes E, F, A, and H seem to be associated with 
the enzymes between phosphoribosyl-ATP and imidazoleglyc- 
erol phosphate (second, third, fourth, and fifth enzymes).!5 
Moyed and Magasanik (6) have presented evidence that an F 
mutant cannot form Compound III and that an A mutant is 


18 Histidinol dehydrogenase has a K; for t-histidine greater than 
5 X 10°? m; the K,, for t-histidinol is 1.3 X 10-5 m. Histidinol 


phosphate phosphatase has a K; for t-histidine greater than 8 X 
10-* mM; the K,, for histidinol phosphate is 2.5 X 10-4 m. The 
conversion of phosphoribosyl-ATP to imidazoleglycerol phosphate 
is not inhibited by 4 mm histidine in the assay described. 

14 Loper, J. C., Thesis, Johns Hopkins University, 1960. 

15 B. N. Ames, R. G. Martin, and B. J. Garry, unpublished ob- 


servations. 
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blocked between Compound III and imidazoleglycerol phosphate. 
The sequence of the genes on the chromosome is remarkably 
similar to the sequence of the enzymes they control, with the 
striking exception of the gene for the first enzyme which is next 
to the gene for the last enzyme. 

In addition to feedback inhibition another mechanism capable 
of regulating the amount of histidine synthesized is operative. 
This mechanism, repression, is a control of the rate of synthesis 
of the enzymes of a pathway by the end product of the pathway 
(23, 24). It has been previously shown that in S. typhimurium 
the four histidine biosynthetic enzymes tested were coordinately 
repressed (1), 7.e. repression by histidine affected the level of each 
of the enzymes to the same extent. The data presented indicate 
that the pyrophosphorylase is also coordinately repressed. 

We have suggested that coordinate repression is a control 
mechanism acting at the gene level (1). As the histidine genes 
are in a cluster, the whole group might be rendered either func- 
tional or nonfunctional by means of a single control point on the 
chromosome (1). 

In support of the existence of a small region of the chromosome 
which controls all the histidine genes are studies on three unusual 
histidine mutants that have in common a damage over a con- 
siderable length of the G (p¥rophosphorylase) gene. These 
mutants (deletions? hisG-203, hisDG-63, hisCDG-57) are unusual 
in that they lack all the histidine biosynthetic enzymes (2, 4), 
even though almost all of the histidine genes are outside the mu- 
tated region (3). At least part of this mutated region seems 
necessary for the functioning of all the histidine biosynthetic 
genes. 17 Only the histidine genes seem to be controlled by 
this region, as these mutants do not require supplements other 
than histidine for growth. This region seems to have a specific 
importance in the histidine cluster, as deletions at other sites on 
the chromosome do not destroy the functioning of all histidine 
genes, e.g. deletion mutant hisEFAHBCD-712 contains pyro- 
phosphorylase despite damage at every other gene. In contrast 
to these unusual mutants, point mutants® in this region of G 
(hisG-46, hisG-200) contain, as one would expect, all the histi- 
dine enzymes except the pyrophosphorylase (2) (“Results’’). 
This indicates that not all mutations in the G gene will result in 
the absence of all the histidine biosynthetic enzymes.!® 

Jacob et al. (25) have postulated, as a result of their intensive 
investigation of the 8-galactosidase system in Escherichia colt, 
that the repression is effected at the gene level through an 
operator site, which controls a cluster of genes, the operon. Our 
data are consistent with this hypothesis and the three unusual 
deletion mutants are very similar to their 0° operator mutants. 


SUMMARY 


Evidence is presented that the first step of histidine bio- 
synthesis in Salmonella typhimurium is the condensation of 
5-phosphoribosyl-1-pyrophosphate and ATP to form N-1-(5’- 


16 P. E. Hartman (personal communication) has recently found 
that the critical region of common damage for these three mutants 
is just outside G—at the end of the sequence of the histidine genes. 

17 All of the genetic analyses referred to have been carried out 
by P. E. Hartman and his associates. 
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phosphoribosyl)-ATP and pyrophosphate. This reaction has 
been shown to be reversible. The condensation product has 
been isolated and its properties and evidence for its structure 
are described. This compound can be converted, by an extract 
of the cells, to the Compound III of Moyed and Magasanik and | 
then to imidazoleglycerol phosphate, a histidine precursor. 
The enzyme that catalyzes this reaction has been described 
and named phosphoribosyl-ATP pyrophosphorylase. It js | 
strongly inhibited by t-histidine. The enzyme is lacking in one 
class of histidine mutants. The coordinate repression by 
histidine of this enzyme along with the other histidine bio- 
synthetic enzymes is demonstrated. The sequence of the genes 
in the histidine region of the genetic map is discussed with ref. | 
erence to the enzymes of the biosynthetic pathway. Three 
unusual mutants that map in the phosphoribosyl-ATP pyro- 
phosphorylase gene and which lack all the histidine biosynthetic 
enzymes are discussed. 
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Evidence published in recent years has shown that the bio- 
synthesis of valine and isoleucine proceeds by a similar sequence 
of reactions (2-4). Fig. 1 depicts the reactions considered to be 
involved. In this report only Reactions II, III, and IV will be 
considered. Reaction II, the isomerization of the a-hydroxy-8- 
keto acid (a-acetolactate for valine biosynthesis and a-aceto-a-hy- 
droxybutyrate for isoleucine) was originally suggested by Meister 
(5). The reaction was included in the pathway proposed by 
Wagner et al. (4) inasmuch as their study showed that extracts of 
Neurospora crassa possess an enzyme that catalyzes the reduction 
of the a-keto-G-hydroxy acids (proposed products of Reaction 
II) to the corresponding a,8-dihydroxy acids (Reaction III). 
This enzyme was referred to as the a-keto-6-hydroxy acid reduc- 
tase (1). Further evidence showed that in addition to the reduc- 
tase there is also present in certain microorganisms an enzyme 
that catalyzes a single-step conversion of the a-hydroxy-8-keto 
acids to the corresponding a,8-dihydroxy acids (Reaction IV). 
This enzyme was referred to as the a-hydroxy-6-keto acid reduc- 
toisomerase (1).1_ Radhakrishnan e¢ al. (1), in studies on N. 
crassa and Escherichia coli, succeeded in separating the reductase 
(Reaction IIT) from the reductoisomerase (Reaction IV). Strass- 
man et al. (7) demonstrated a similar reductase and reductoisom- 
erase in cell-free extracts of Saccharomyces cerevisiae. 

The possibility of a two-step reaction that is catalyzed by a 
single enzyme (the reductoisomerase) created an uncertainty as 
to whether the biosynthesis of valine and isoleucine occurs via 
Reactions II and III or via Reaction IV. This question has 
been thoroughly discussed (1, 6). 

In connection with the above studies, Wagner and Bergquist 
(8) have demonstrated the presence of both the reductase and 
reductoisomerase in cell-free extracts of Salmonella typhimurium. 
Because of the interesting nature of a-hydroxy-8-keto reducto- 
isomerase, purification of this enzyme was attempted. The work 
presented in this report concerns the purification (100-fold) and 
properties of the reductoisomerase of wild type S. typhimurium. 
Evidence is also presented, from data on £. coli and S. typhimur- 
ium, which indicates a relationship between the reductase and 
the reductoisomerase. 


EXPERIMENTAL PROCEDURE 


The wild type strain (LT-2) of S. typhimurium used in this 
study was obtained from Dr. M. Demerec, Carnegie Institute 


*This investigation was supported by Research Grant RG- 
6492 and Traineeship Grant 2G-337 from the National Institutes 
of Health, United States Public Health Service. For Paper III 
of this series, see (1). 

'The name ‘‘acetohydroxyacid isomeroreductase’’ has been 
suggested by Umbarger et al. (6). 


of Washington. The minimal medium of Davis (9) was used to 
grow the organism. Growth was carried out under forced aera- 
tion at 37° in 18-liter carboys for 18 to 19 hours. The cells were 
harvested in a Lourdes refrigerated centrifuge that was equipped 
with a continuous flow rotor. 

a-Acetolactate, a-aceto-a-hydroxybutyrate, and a-keto-6-hy- 
droxyisovalerate were prepared as described by Radhakrishnan 
and Snell (10). Commercial products included TPNH-Sigma 
Type II, DPNH, TPN, DPN (Sigma Chemical Company), pro- 
tamine sulfate (Nutritional Biochemicals Corporation), am- 
monium sulfate (J. T. Baker, Chemical Company), and 6-mer- 
captoethanol (Eastman Chemical Company). 

The cellulose derivatives used for column chromatography 
were: DEAE-cellulose? on a Solka-Floc lattice, capacity 0.6 meq 
per g (California Corporation for Biochemical Research), and 
carboxymethyl] cellulose-Selectacel (CM), capacity 0.7 meq per 
g (Brown Company). 

Spectrophotometric Assay for a-Hydroxy-6-Keto Acid Reduc- 
toisomerase—Reductoisomerase activity was assayed by following 
the decrease in absorbancy at 340 my in a mixture containing the 
following: a-aceto-a-hydroxybutyrate or a-acetolactate (10 mm), 
TPNH (0.1 mm), MgSO, (5 mm), enzyme solution, and 0.1 m po- 
tassium buffer, pH 7.5, in a total volume of 1.0 ml. Before the 
addition of the TPNH, the assay mixture was incubated in a 
1.5-ml quartz cuvette in a Beckman model DU spectrophotome- 
ter at 35° for 10 minutes. Readings were made with the aid of 
a Beckman Model 5800 energy-recording adaptor and Brown 
automatic recorder. Proper control assays (without substrate) 
were carried out. For the majority of the assays, a-aceto-a-hy- 
droxybutyrate was the substrate because it permitted an enzyme 
activity several fold greater than that found with a-acetolactate 
(8). 

The wmoles of TPNH utilized were calculated from the ob- 
served decrease in absorbancy during the first minute of the 
reaction. The amount of substrate utilized was considered to be 
equal to that of TPNH oxidized. Enzyme activity was recorded , 
unless otherwise stated, as specific activity, umoles of substrate 
converted per minute per mg of protein. 

Assay of a-Keto-8-hydroxy Acid Reductase—The assay con- 
ditions used were identical with those specified above except that 
a-keto-8-hydroxyisovalerate was used as the substrate, and 
MgSO, was omitted. The enzyme activity was expressed as 
stated above. 

Protein was determined by the method of Lowry et al. (11). 

2 The following abbreviations are used: DEAE-cellulose, di- 


ethylaminoethanol cellulose; CM-cellulose, carboxymethyl cel- 
lulose. 
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Fic. 1. Reactions involved in the biosynthesis of valine and 
isoleucine. R, CH; for valine biosynthesis, CH; CH2 for isoleu- 
cine biosynthesis. Reactions demonstrated in cell-free extracts 
are indicated by solid lines. 


RESULTS 


Fractionation of Reductotsomerase—All fractionation procedures 
were carried out in the cold (1—5°), and the enzyme preparations 
were kept at similar temperatures. Table I records the degree 
of purification achieved by the fractionation procedures described 
below. 

Preparation of Cell-Free Extract—Salmonella cells, 15 g (wet 
weight), in 30 ml of 0.1 m potassium phosphate buffer, pH 7.5 
were treated in a Raytheon.,magnetostrictive oscillator at 10 
ke. for 30 minutes. The resultant suspension was centrifuged 
for 1 hour at 35,000 r.p.m. in a Spinco model L ultracentrifuge, 
and the supernatant was diluted with 0.1 mM potassium phosphate 
buffer, pH 7.5, to a protein concentration of 13 mg per ml (cell- 
free extract). 

Protamine Sulfate Precipitation—A 2% solution of protamine 
sulfate in 0.1 M potassium phosphate buffer, pH 7.5, was added 
slowly to the cell-free extract in the proportions: 0.214 ml of 
protamine solution to 1 ml of extract. The mixture was stirred 
for 10 minutes and then centrifuged in a Lourdes refrigerated 
centrifuge at 12,000 x g for 10 minutes. The supernatant was 
dialyzed for 15 hours against 100 volumes of phosphate buffer 
(5 mM) containing MgSO, (0.2 mm) and #-mercaptoethanol 
(1.1 mm). Omission of either Mgt+ or @-mercaptoethanol or 
both resulted in heavy losses of reductoisomerase activity. Puri- 
fication was achieved through both a loss of protein and an 
apparent gain in total reductoisomerase activity; an increase in 
enzyme activity of 10 to 40% was always observed in this step. 

Ammonium Sulfate Fractionations—The precipitations were 
carried out with a saturated ammonium sulfate solution prepared 
at 22° and then adjusted to pH 7.1. | 

The ammonium sulfate solution was added slowly to the di- 
alyzed protamine sulfate supernatant until 37% saturation* 
was obtained. After 10 minutes of stirring, the mixture was 
centrifuged for 10 minutes at 12,000 x g in a Lourdes refrigerated 
centrifuge. The supernatant was then brought to 60% satura- 
tion with respect to ammonium sulfate, and the stirring and 
centrifugation procedures were repeated. The pellet was 
redissolved in 0.005 m phosphate buffer, pH 7.5, at a protein 
concentration of 8 to 9 mg per ml (ammonium sulfate I), and the 
resultant solution was subjected to a second ammonium sulfate 
treatment. By the same procedures described above, 3 pre- 
cipitations were carried out: 0 to 33%, 33 to 41%, and 41 to 50% 
saturation. The material precipitating at 0 to 33% saturation 
and the supernatant after 50% saturation were discarded. Each 


3’ The amounts of ammonium sulfate added were specified for 
22° and were not corrected for temperature. 
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TABLE [I 


Purification of a-hydroxy-B-keto acid reductoisomerase 
from Salmonella 








Reductoisomerase* Reductase 
Pro- | 


tein 





Fraction 














activity |cation| ery activity |cation ery 
mg/ml % | 7 
Cell-free extract..... 13 0.168 100 | 0.011) | 100 
Protamine superna- | 
tant. .....110 | 0.254 1.5} 134 | 0.011) | 100 
Ammonium sulfate I | 9 0.390} 2.3) 88 | | 
Ammonium _ sulfate | 
pe... sete 1 6 1.25] 7.5) 50 | 0.077 7 | 
CM-cellulose eluate..| 0.2 | 3.40 | 2 | 15 | 0 | | 
DEAE-cellulose elu- | | | | 
NE ccccucuteveceuas 0.0218.5 [110 | 10 | 0 | 





* Substrate used, a-aceto-a-hydroxybutyrate. 
procedures see text. 


of the other precipitates (7.e. those at 33 to 41% and 41 to 509, 
saturation) was redissolved in 0.05 m phosphate buffer, pH 7.5, 


| | | ; 
Specific |Purifi- | Recov- |Specific |Purifi-|Recoy. | 


For all assay | 


' 





| 
| 


| 
| 


' 


at a protein concentration of 5 to 6 mg per ml and dialyzed, as | 


described above, overnight. The 41 to 50% precipitate (am- 
monium sulfate II) regularly contained 50 to 60% of the initial 
reductoisomerase activity, purified 7 to 8-fold (Table I); the 33 
to 41% precipitate usually displayed a 3 to 4.5-fold purification, 
Up to this point the reductase activity was purified to the same 
extent as the reductoisomerase (Table I). 


It was possible to obtain a greater degree of purification (12 


to 15-fold) in the second ammonium sulfate fractionation. Hovw- 
ever, such preparations were unstable on storage and proved to 
be especially unstable on the CM-cellulose column. 
CM-cellulose Column—aA column ina 100-ml buret was prepared 
from 1 g of CM-cellulose and 0.02 m potassium phosphate buffer,! 
pH 5.6 containing MgSO, (0.2 mm). The column was then 
washed with the same buffer, containing 6-mercaptoethanol 
(1.3 mm) in addition to Mgt+. This fortified buffer was the 
sole eluent used. A volume of the dialyzed ammonium sulfate 
II, containing 12 mg of protein, was diluted 1:3 with the phos- 
phate buffer and added to the column. At a flow rate of 1 ml 
per minute, 3 fractions of 8, 12, and 12 ml, respectively, were 
collected. Immediately after collection, a solution containing 2 
N NaOH and 0.1 m MgSO, was added to the eluates in a ratio of 
0.05 ml/10 ml of eluate. The second fraction (CM-cellulose 
eluate) contained a significant amount of the reductoisomerase 
activity and regularly proved to be 2.5 to 3-fold purified (Table 
I). A total of 20 to 25% of the initial reductoisomerase activity 
was recovered in the three eluates collected. No evidence of 
reductase activity could be demonstrated in any of these eluates. 
The reductase activity was shown to be eluted at pH 5.8 to 6; 
however, because of low protein concentration, partial inactiva- 
tion of reductase activity and the presence of traces of reducto- 
isomerase, the eluates were valueless as reductase preparations. 
The reductoisomerase was relatively unstable on the CM- 
cellulose column; hence, the procedures described above were 
very rigid. The length of the column, the protein-cellulose 
ratio (1:80), and the flow rate were important for the success of 


4 Prepared at 22°. 
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TABLE II 


Influence of various factors on activity of 
reductoisomerase of Salmonella 














Assay condition Specific activity 
I. Omission from complete system* 
a SR ee ra ry area es Bcc 23.5 
oh ss erie inlet risee ee es 0 
c. a-Aceto-a-hydroxybutyrate.......... 0 
Tee ert tee Oe eee rt 0 
II. Substitution in system 
a. DPNH (0.1 mo) for TPNH.......... 0 
b. a-Keto-8-hydroxyisovalerate for a- 
aceto-a-hydroxybutyrate........... 0 
III. Addition to system 
“Bes. Ake 24.0 
SIN EE WIE. cog 5 be cccee sede Sete re 3 
pe PA PANY oooh s panne Sowa 23.3 
GS ge | a 71 
e. a,8-Dihydroxyisovalerate (10 mM)... 3:2 
f. 6-Mercaptoethanol (1 mm)........... | 23.3 
* The complete assay system is described in the text. Enzyme 


preparation used was 1 yg of protein in the form of the DEAE- 
cellulose eluate. 


F. B. Armstrong and R. P. Wagner 
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last 7 ml of the last NaCl eluate was collected. A majority of 
the reductoisomerase activity was eluted in this fraction (DEAE- 
cellulose eluate). Between 70 and 100% of the enzyme activity 
applied to the column was recovered by this procedure. The 
over-all recovery of enzymatic activity was 10%. 

Although the protein concentration was low in the eluate, the 
enzyme activity was stable for 5 to 7 days if additional 6-mer- 
captoethanol (1 mm) were added. It was necessary to store the 
enzyme solution in ice. Loss of activity resulted if the prepara- 
tion was stored in the refrigerator or the deep freeze. Concen- 
tration of the solution was achieved by the use of Carbowax,® 
as described by Kohn (12). The Carbowax was extracted with 
ether before use. 


Properties of a-Hydroxy-B-keto Acid Reductoisomerase 


Cofactor and Metal Ion Requirements—TPNH was required 
for enzymatic activity, and DPNH could not be substituted 
(Table II). Only in crude fractions of the enzyme was DPNH 
weakly active. The presence of Mg++ was also essential for 
activity (Table II). The optimal Mg++ concentration was 4 
mm (Fig. 2). Although 6-mercaptoethanol was an absolute 
requirement for enzyme stability (see fractionation procedures), 
its addition to the assay system did not enhance the enzyme 
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++ 3 3 5 
Mg, Molarity x 10 


Fig. 2. Activation of the reductoisomerase of Salmonella by Mg**. 








7.0 


d 8.0 
pH 


Assay system as specified in the text with Mg** added in 


increasing amounts; 1 ug of protein was used in the form of the DEAE-cellulose eluate. 


Fig. 3. The effect of pH on the activity of the reductoisomerase of Salmonella. 


Assay system as specified in the text with the use 


of phosphate buffer; 1 ug of protein was used in the form of the DEAE-cellulose eluate. 


the column. The column has not as yet been successfully 
adapted for large scale preparations. 

DEAE-cellulose Column—In a 25-ml buret, a 250 mg DEAE- 
cellulose column was prepared with 0.02 m potassium buffer, 
pH 8, containing 0.5 mm MgSO, The column could be used 
for no more than 5 mg of protein. After the column was washed 
with the above mentioned buffer containing 1.3 mm 6-mercapto- 
ethanol, the CM-cellulose eluate was added, and the column 
was eluted with increasing concentrations of NaCl. The 
following eluents, prepared in the pH 8 phosphate buffer (with 
added Mg++ and 6-mercaptoethanol) were used: 0.1 m NaCl 
(7 ml), 0.15 m NaCl (8 ml), and 0.2 m NaCl (8 ml). Only the 


activity (Table II). Inasmuch as the enzyme preparations were 
maintained in the presence of a considerable concentration of 
8-mercaptoethanol, it was not surprising that additional amounts 
were ineffective. Thesubstrate, a-aceto-a-hydroxybutyrate, was 
active whereas a-keto-8-hydroxyisovalerate was not (Table II). 
However, the addition of either end product of the reaction, 
TPN or a,8-dihydroxyisovalerate, produced a marked inhibition 
of the reaction (Table II). Addition of pyridoxal phosphate 
(10 mm), riboflavin (10 mm), pantothenic acid (10 mm), lipoic 
acid (1 mm), biotin (1 mm), thiamine (10 mm), or folic acid (2 mm) 


5 Trade name for polyethylene glycol compound 20-M (Union 
Carbide Corporation). 
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SUBSTRATE, MOLARITY X 10° 
Fig. 4. The effect of a-aceto-a-hydroxybutyrate on the activity 
of the reductoisomerase of Salmonella. Assay system as specified 
in text with substrate concentration varied; 1 ug of protein was 
used in the form of the DEAE-cellulose eluate. 
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Fic. 5. The effect of a-acetolactate on the activity of the reduc- 
toisomerase of Salmonella. Assay system as described in the text 
with substrate concentration varied; 25 ug of protein were used 
in.the form of the DEAE-cellulose eluate. 


TABLE III 


Detection of reductase activity in purified reductoisomerase 
preparation of E. coli 





Activity 
Treatment of reductoisomerase preparation 





Reductoisomerase* Reductase 





unitst/mg protein 





ON A 0 os at oie atv cyl | (1010) t (0) 
2. Storage (—20°) for 5 months. ... 214 60 
3. Repeated thawing (3 times) of 

oy RE eee ern eee 68 55 
4. Dialysis of Step 3 against phos- 

phate buffer and 6-mercapto- 

AISI ee path nee Cae ae | 320 27 








* Substrate used, a-aceto-a-hydroxybutyrate. For all assay 
procedures see text. 

t One unit of activity is defined as a decrease in optical density 
(340 my) of 0.1 in 5 minutes. 

t As published (1). 


displayed no effect. Attempts to demonstrate an effect of By o 
the Bi coenzyme,® adenylcobamide coenzyme, on the systen 
were unsuccessful. The reaction is unaffected by the addition 
of cyanide ion (10 mm). Attempts to reverse the reaction by 
substituting TPN and a,@-dihydroxy acids for TPNH and 
aceto-a-hydroxybutyrate were also unsuccessful. 

Effect of pH and Substrate Concentration—The pH optimum was 


7.5 for reductoisomerase (Fig. 3). At pH 7.6 the enzyme gx. | 


tivity began to decline rapidly; this effect was also noted for the 
enzyme from N. crassa (1). The effect of a-aceto-a-hydroyy. 
butyrate on the formation of its dihydroxy acid by a purified 
preparation of reductoisomerase is shown in Fig. 4. The cop. 
responding effect of a-acetolactate is shown in Fig. 5. Although 
the activity of the enzyme was higher with a-aceto-a-hydroyy. 
butyrate than with a-acetolactate, the affinity for the two sub. 


strates was relatively similar: K,, values for a-aceto-a-hydroyy. | 


butyrate and a-acetolactate were 3.4 X 10-4 and 1.9 x 1(4 
moles per liter, respectively. Because the two substrates tested 
were racemic mixtures, the K,, values were taken as only tenta- 
tive. 

Identification of Products—The production of the corresponding 
dihydroxy acids from the a-hydroxy-8-keto acids by reducto- 
isomerase was determined in Salmonella extracts in a previous 
report (8). 

Detection of Reductase Activity in Purified Reductoisomerase 
Preparations—A reductoisomerase preparation from E. coli! 
that had been purified extensively in previous work had been 
found to have an activity of 1010 units per mg of protein (1) and 
to be devoid of reductase activity. This enzyme preparation 


had been stored at —20° for 4 to 5 months when it was reassayed, | 


The reductoisomerase activity had decreased markedly, and 
there was detectable reductase activity (Table III). When the 
preparation was subjected to repeated thawing and freezing 
(3 times), the reductoisomerase activity decreased further 
whereas the reductase activity remained relatively stable (Table 
III), After the preparation was dialyzed against phosphate 
buffer containing 6-mercaptoethanol (1 mm), the reductoiso- 
merase activity increased sharply whereas approximately one-half 
of the previously observed reductase activity was lost. A brief 
summary of this experiment was given in a previous publication 
(1). 

A preparation of reductoisomerase from Salmonella, free of 
reductase activity, was treated in a Raytheon magnetostrictive 


oscillator at 10-ke. for 35 minutes. Reassay showed the loss of | 


a considerable percentage of the reductoisomerase activity, and 
no reductase activity was detected (Table IV). However, after 
storage for 5 days at —5°, an assay of the preparation showed 
that although no reductoisomerase activity could be detected, 
there was reductase activity present (Table IV). Dialysis of 
the preparation against phosphate buffer and 8-mercaptoethanol 


(1 mm) partially restored the reductoisomerase activity. As | 


with the preparation from E. coli, there was a concurrent loss of 
reductase activity. 
DISCUSSION 
The reductoisomerase purified from S. typhimurium catalyzes 
the conversion of the a-hydroxy-8-keto acids to the correspond- 


6 Kindly supplied by Dr. H. A. Barker, University of California, 
Berkeley, California. 


7 Kindly supplied by Dr. Beverly Guirard, University of Cali- 


fornia, Berkeley, California. 
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ing a,6-dihydroxy acids (Reaction IV, Fig. 1). The conversion 
} appears to occur in a single-step reaction. A two-step reaction 
gems unlikely because the a-keto-8-hydroxy acid (proposed 
} product of Reaction II, Fig. 1) is not reduced to the a,8-dihy- 
droxy acid in this enzyme system. However, it is conceivable 
that the a-keto-8-hydroxy acid may exist in Reaction IV as an 
engyme-bound intermediate. 

The properties of the reductoisomerase are very similar to 
those described for the enzyme from N. crassa (1), E. coli (1, 6), 
and S. cerevisiae (7). Cofactor requirements include Mg** and 
TPNH. DPNH cannot be substituted for TPNH. No other 
cofactors tested are active. The presence of sulfhydryl com- 
pound (8-mercaptoethanol) is required for stabilization. The 
end products of the reaction, TPN and the a,@-dihydroxy acid 
prove to be very effective inhibitors. 

Barker et al. (13) have reported that adenyleobamide coenzyme, 
a coenzyme form of pseudovitamin By, is involved in the rear- 
rangement of the carbon skeleton of glutamate to form 6-methyl- 
aspartate, a branched-chain amino acid. This rearrangement 
bears a similarity to the isomerization reaction studied in this 
report; hence, the possibility that adenylcobamide coenzyme is 
involved as a cofactor in the reductoisomerase system was in- 
| vestigated. The present results, however, give no indication that 
| such is the case. 

The relationship and importance of the reductoisomerase and 
the reductase in the biosynthesis of valine and isoleucine have 
been discussed previously (1, 6). The present concensus is that 
the reductoisomerase plays a direct role in the biosynthesis of the 
amino acids. What significance is then attached to the reductase? 
It is possible to consider the reductase as (a) an artifact arising 
from the degradation of reductoisomerase, e.g. a product of sonic 
disruption of the cells; (6) an incomplete form of the reducto- 
isomerase; or (c) an enzyme that is concerned not with biosyn- 
thesis in vivo of the amino acid but with other metabolic reactions, 
_ eg. reduction of hydroxypyruvate (1). 

Evidence presented in this study favors the classification of 
the reductase as an artifact. The detection of reductase activity 
in purified reductoisomerase preparations from £. coli and S. 
typhimurium (when the reductoisomerase activity is lost) indi- 
cates that the reductase may represent an altered form of the 
reductoisomerase molecule (Tables III and IV). The reap- 
pearance of reductoisomerase activity and the loss of reductase 
_ activity upon dialysis against @-mercaptoethanol suggests a 
reconstitution of the active reductoisomerase molecule (Tables 
Ill and IV). 

This observed gain or loss of enzyme activities in purified 
reductoisomerase preparations is not as straightforward as it 
_ may appear. It is a simple matter to destroy reductoisomerase 
_ activity without affecting the reductase activity (1). It is also 
| apparent that inactivation of reductoisomerase does not imply 
an immediate activation of reductase (Tables III and IV). It 
must be assumed that the reductoisomerase may exist in a num- 
ber of inactive forms, one (or more) of which displays reductase 
activity. It is very likely that sulfhydryl groups are involved 
in this interconversion inasmuch as 6-mercaptoethanol appears to 
occupy a key role in this phenomenon. 

The concept that the reductase represents an altered form of 
the reductoisomerase finds its analogy in the studies in the tryp- 
tophan synthetase system (14). In the reductoisomerase system 
the role of the a-keto-8-hydroxy acids would be similar to that of 
indole in the tryptophan synthetase system. 
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TaBLe IV 


Detection of reductase activity in purified reductoisomerase 
preparation of Salmonella 





Specific activity 
Treatment of enzyme preparation 











Reductoisomerase* Reductase 
LE nn mer sree oe PE Oe 1.87 0 
2. Treated in oscillator (35 min.)... 0.66 0 
3. Storage (—5°) of Step 2......... 0 0.098 
4. Dialysis of Step 3 against phos- 
phate buffer and 8-mercapto- 
vA een Crees eae a” Pao ee 0.210 0.025 








* Substrate used, a-aceto-a-hydroxybutyrate. For all assay 
procedures see text. 

Although the above discussion favors the concept that the 
reductase is an artifact arising from altered reductoisomerase, 
certain other points should be kept in mind. The idea that the 
reductase may have a function distinct from the biosynthesis of 
valine and isoleucine gains support from the fact that hydroxy- 
pyruvate serves as a substrate for this enzyme and that the 
enzyme is widely distributed in nature (1). 

The possibility that the reductase is an incomplete form of 
the reductoisomerase should also be considered. Salmonella 
mutants blocked at the reductoisomerase step (7.e. mutants un- 
able to grow on the a-hydroxy-6-keto acids) have a very low 
reductoisomerase activity but display a reductase activity that is 
2 to 3 times that of the wild type strain (8). These results may 
be interpreted to mean that the mutation results in the inability 
to form a complete reductoisomerase and that the incomplete 
enzyme molecule possesses reductase activity. The data can 
also be interpreted to mean that in the mutants an enzymically 
inactive reductoisomerase exists in altered form (with reductase 
activity) rather than in an incomplete form. 

In view of the evidence to date, further studies are needed 
before a definitive statement can be made about the status of the 
reductase. 


SUMMARY 


A method for the purification of a-hydroxy-a-keto acid reducto- 
isomerase from Salmonella typhimurium is described. Data on 
the properties of the enzyme show that Mgt+ and reduced tri- 
phosphopyridine nucleotide are cofactors in the reaction and 
that the presence of a sulfhydryl compound is required for stabili- 
zation of the enzyme. Under certain conditions the reducto- 
isomerase activity can be partially destroyed, and the loss of such 
activity may be accompanied by the appearance of a-keto-8-hy- 
droxy acid reductase activity. The relationship between the 
reductoisomerase and the reductase is discussed. 
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Regulation of diverse biosynthetic pathways by changes in 
concentrations of the ultimate end products is achieved by two 
distinct mechanisms: (a) a repression of the synthesis of enzymes 
involved in the metabolic pathway (1, 2) and (6) specific in- 
hibition of the enzymatic activity which controls usually the 
first step, in the metabolic sequence (3). The first mechanism 
has been referred to as ‘“‘repression” and the second is known as 
“feed-back control.” 

As is indicated in Scheme 1, in Escherichia coli aspartokinase 
catalyzes the first step in a metabolic sequence which leads 


Aspartate 
| ATP 

Aspartyl phosphate 
| TPNH 

Aspartic semialdehyde — — — lysine 
| TPNH 


Homoserine — — — threonine 
l 


Methionine 
ScHEME 1 


ultimately to the formation of the three different amino acids, 
threonine (4-7), lysine (7)! and methionine (7, 8). Its control 
by either of the above regulatory processes therefore presents a 
unique situation in which excessive production of one of these 


- amino acids could lead to decreased aspartokinase activity and 
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consequently to a deficiency in the production of the other two 
amino acids. 

In the following report, evidence is presented which demon- 
strates that in Z. coli this potential dilemma is avoided by the 
synthesis of two different aspartokinases which are independently 
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controlled by the concentrations of L-lysine and of t-threonine. 
One enzyme is specifically and noncompetitively inhibited by L- 
lysine and its formation is completely repressed when the or- 
ganism is grown in the presence of 10-* m L-lysine. The other 
aspartokinase is specifically and competitively inhibited by 
L-threonine but its concentration is not significantly influenced 
by growth in the presence of t-threonine. The biological impli- 
cation of this discovery is supported by the further observation 
that in yeast, in which the synthesis of lysine does not involve 
aspartate as a precursor (7, 9), the lysine-sensitive aspartokinase 
is virtually absent; here the threonine-sensitive enzyme is the 
major if not the only enzyme present. 


EXPERIMENTAL PROCEDURE 


E. coli (HfrC) was grown, with shaking, in air at 37° in the 
mineral salts medium No. 63 (10); 0.2% glucose was the carbon 
and energy source, and 0.5 wg of thiamine per ml was added to 
satisfy the nutritional requirements of this particular strain. In 
earlier experiments, the bacteria were grown overnight, after 
which the culture was diluted with an equal volume of fresh 
medium and the incubation was continued for about 2 hours; 
at this time the bacteria were in the exponential phase of growth. 
In later experiments, in order to achieve greater uniformity in 
growth conditions, the diluted overnight cultures were allowed 
to grow until the optical density at 420 mu was1.0. The bacteria 
were harvested by centrifugation at 1-2°. The cells from 5 liters 
of growth medium were washed twice with 100 ml aliquots of 
cold 0.02 m potassium phosphate buffer, pH 6.75, which contained 
0.03 m 6-mercaptoethanol. Finally, the cells were suspended in 
50 ml of the same buffer and were sonically disrupted for 10 
minutes at 1-2° in a 10-ke. sonic oscillator. The turbid super- 
natant solution obtained by centrifugation for 20 minutes at 
12,000 x g, at 1-2°, is hereafter referred to as the sonic extract. 

Yeast (S. cerevisiae, Haploid 4094/B) was grown on minimal 
medium (11) complemented with adenine and uracil to meet the 
nutritional requirements of this strain. Cells were harvested 
at the end of the logarithmic phase, separated by centrifugation 
at 1-2°, and washed twice under the same conditions as EF. coli. 
Extracts were prepared by disrupting the cells three times for 
15 seconds with glass beads in a Nossal disintegrator. After 
each 15-second interval, the suspension was cooled to 0°. The 
turbid extracts were then centrifuged 40 minutes at 16,000 x g. 
These final extracts (10 to 15 mg of protein per ml) were kept 
frozen without noticeable loss of activity. 

Fractionation of E. coli Sonic Extracts—To the sonic extract 
was added 0.1 volume of a 10% streptomycin solution. After 
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30 minutes at 0°, the precipitated nucleic acid was removed by _ dissolved in 0.02 m potassium phosphate buffer (pH 6.75) cop. of an 
centrifugation and discarded. The clear streptomycin super- taining 0.03 m 6-mercaptoethanol and were stored at —15° inhib 
natant solution was brought to 37% saturation (or in some Under these conditions, the aspartokinase activity is quite stable | __ tivel: 
experiments to 40% saturation) by the addition of a saturated Little loss in activity can be detected after 2 months’ Storage, | The 
solution of ammonium sulfate (0°). After 20 minutes, the pre- However, with repeated freezing and thawing the activity de | proxi 
cipitated protein was removed by centrifugation and the super- clines rapidly. Moreover, storage at higher or lower pH levels The | 
natant solution was brought to 50% saturation by the addition or in the absence of 6-mercaptoethanol results in considerable | are a 
of a saturated ammonium sulfate solution. After 20 minutes, losses in enzyme activity. | obset 
the precipitate was removed by centrifugation and the super- Aspartokinase Activity—Aspartokinase activity was de. | TI 
natant solution was discarded. The protein precipitates were termined as previously described by Black and Wright (12) | — indey 
by measuring the asparthydroxamate that is produced whe, | two: 

| ] ] | | aspartate is incubated with enzyme in the presence of ATP} and 
4 4 and hydroxylamine. The assay mixture contained ATP | by tl 
| 10.4 mm; Tris, HCl buffer (pH 8.1) 94 mm; MgSO,, 1.6 my: | ism 
300|- < = 8-mercaptoethanol, 10 mM; L-aspartate, 10 mm; NH.OH, 8 the | 
f mM; KCl, 800 mm; and enzyme; total volume, 1.0 ml. After { orga 
i incubation at 26° for 30 minutes, the reaction was stopped | cal s 
= r / @ 7 by the addition of 1.0 ml of FeCl; reagent (13). After centrify. | preci 
> gation, the optical density of the asparthydroxamate-iron con. | Ste 
5 200 © al plex was measured at 540 my in a Beckman model DU spectro. | __ solut 

< photometer. Enzyme activity is expressed as optical density days 
WwW i ] units < 1000. A blank reaction mixture which contained ll durir 
= components except L-aspartate served as a control. Unfor | _ inhit 
8 P tunately, the relationship between enzyme concentration and | more 
ty | OO;- a) the amount of asparthydroxamate produced is linear over a very stora 
narrow range, 0 to 200 units, and deviates sharply with in- tivit; 

b. 4 creasing enzyme concentration above this level (Fig. 1). No tion 

@ adequate explanation for lack of linearity at higher enzyme cone 

0 l | 1 | | l levels could be obtained. None of the reaction products, ortho- As sl 

0 | 2 3 4 5 6 7 phosphate, asparthydroxamate, or ADP (or AMP) influences ated 
BACTERIAL EXTRACT CONCENTRATION the reaction in concentration of 10 mm. Moreover, the lack of minu 

Fig. 1. The effect of enzyme concentration on asparthydyoxa- linearity was observed in enzyme preparations at various stages enzy 
mate production. The assay conditions were as described in the Of purity and it was not influenced by marked changes in con- Se 
text. The different symbols refer to data from separate experi- centrationof the reactants; t.e. ATP, aspartate, or hydroxylamine. expe 
ments with various enzyme preparations. For comparative pur- Accordingly, enzyme concentrations were selected that gave | by | 
poses, the concentrations of the different bacterial extracts were activity in the linear or near linear range. When activities tion 

arbitrarily normalized with respect to the amount needed to pro- : 

duce an activity of 200. The dash line is arbitrarily drawntoshow &reater than 200 were observed, corrections were made from cone 
the deviation from linearity of the experimental data. standard curves for the particular enzyme preparation involved. sens’ 
Protein concentrations were calculated from optical density The 

. . a . measurements at 280 my and 260 muy (14), or by direct determina- amn 

tion with the biuret procedure (15). 0 to 

100 + Cabeidint sasten i Disodium ATP was purchased from the Sigma Chemical due 
aniiinpaniil _ Company; 0.2 M solutions were neutralized with KOH and kept | It 

S frozen until used. of W 

= 80 F 4 All the amino acids used were purchased from Hoffmann-La L-th 

x Roche Company, except L- and p-homoserine and p-threonine i 

= om f Threonine 4 which were a gift of J. P. Greenstein and 1-threonine from dens 

Lod ny Ln California Corporation for Biochemical Research. Streptomycin extr; 

rs ee was purchased from Specia Company. acti 

ra! 40 Lysine a com 

a. RESULTS 0 to 

20 a Aspartokinase Inhibition by Amino Acids—Of all the amino Ah 

acids known to occur naturally as protein constituents, only tion 

three, L-lysine, L-threonine, and Lt-homoserine, were found to the 

0 ; . aa sa influence the aspartokinase activity of crude sonic extracts. agal 

° . “ “ . The p-optical isomers were inactive as were 1-ornithine and abse 

INHIBITOR CONCENTRATION mM spermidine. 4b, 

Fig. 2. The effect of L-lysine and L-threonine or both on the Although the aspartokinase activity in sonic extracts of dif- the 
inhibition of aspartokinase activity. Except for the additions of ferent batches of E. coli (HfrC) varies somewhat in its suscepti- peti 
L-lysine and L-threonine as indicated, the assay conditions were of 


bility to inhibition by threonine and lysine, maximal inhibitions 
of 30 to 50% by each amino acid are generally observed. The : 
data in Fig. 2 are from an experiment which shows the influence sub} 


as described in the text. Each reaction mixture contained 0.15 
ml of streptomycin supernatant solution (2.2 mg of protein) as 
the source of enzyme. 
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of amino acid concentration on the extent of inhibition; maximal 
inhibition by both threonine and lysine (55% and 50%, respec- 
tively) is reached at concentrations of approximately 10 mm. 
The concentration required for half maximal inhibition is ap- 
proximately 0.5 mm for t-threonine and 0.3 mm for L-lysine. 
The data of Fig. 2 show further that when lysine and threonine 
are added simultaneously the total inhibition is the sum of that 
observed for each independently. 

The fact that the inhibitions by lysine and threonine are 
independent and additive suggested that sonic extracts contain 
two different aspartokinases, one of which is inhibited by lysine 
and the other by threonine. This interpretation is supported 
by the findings (a) that the threonine-sensitive enzyme activity 
is much more labile than the lysine sensitive activity, (6) that 
the lysine-sensitive activity is completely repressed when the 
organism is grown in the presence of lysine, and (c) by the physi- 
cal separation of the two enzyme activities by ammonium sulfate 
precipitation. 

Stability Studies—When streptomycin-treated supernatant 
solutions of sonic extracts are allowed to stand at 1—-2° for several 
days at pH 8.0, they gradually lose aspartokinase activity; 
during this time the activity that is susceptible to threonine 
inhibition declines more rapidly and leaves a preparation that is 
more or less specifically inhibited by lysine. With continued 
storage under these conditions, total loss in aspartokinase ac- 
tivity occurs; partial restoration can be achieved by preincuba- 
tion at room temperature in the presence of relatively high 
concentrations (10 mm) of 6-mercaptoethanol or ascorbic acid. 
As shown in Fig. 3, the selective denaturation process is acceler- 
ated at elevated temperatures. Thus, incubation at 45° for 10 
minutes results in almost complete loss of the threonine-sensitive 
enzyme but only 15 to 20% loss in the lysine-sensitive enzyme. 

Separation of Aspartokinases—The sonic extract used for the 
experiment described in Table I was maximally inhibited 33.3% 
by lysine and 50.2% by threonine. Upon fractional precipita- 
tion with ammonium sulfate, the lysine-sensitive enzyme was 
concentrated in the 0 to 37% fraction whereas the threonine- 
sensitive enzyme was recovered mainly in the 37 to 50% fraction. 
The excellent over-all recovery of enzyme activity (100% during 
ammonium sulfate fractionation, and 77% after dialysis of the 
0 to 37% fraction) precludes the possibility that the result is 
due solely to selective inactivation of the two activities. 

It is thus established that two different aspartokinases, one 
of which is specifically inhibited by L-lysine and the other by 
L-threonine, are synthesized by E. colt. 

The separated enzymes differ in their sensitivity to heat 
denaturation as would be predicted from the studies with crude 
extracts (Fig. 3). Thus, in 10 minutes at 45° the aspartokinase 
activity of the 37 to 50% fraction (threonine-enzyme) is almost 
completely lost whereas only 10 to 15% of the activity of the 
0 to 37% fraction (lysine enzyme) is lost. 

Inhibition Analysis—With the two ammonium sulfate frac- 
tions as a source of the different enzymes, a kinetic analysis of 
the inhibition was made. The double reciprocal plots 1/v 
against 1/S for the two enzyme fractions in the presence and 
absence of their respective inhibitors are shown in Figs. 4a and 
4b. The data indicate that inhibition of the aspartokinase of 
the 40 to 50% ammonium sulfate fraction by threonine is com- 
petitive, whereas the inhibition by lysine of the aspartokinase 
of the 0 to 40% fraction is noncompetitive. 

Repressibility—tIn order to determine if the aspartokinases are 
subject to repression as well as to feed-back inhibition, FZ. coli 
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20 30 
MINUTES AT 45° 
Fig. 3. The heat stability of aspartokinase activity in strepto- 
mycin-treated extracts. The streptomycin supernatant solution, 
which contained 15 mg of protein per ml was heated at 45° for the 
indicated time intervals. Then the aspartokinase activity of the 
heated enzyme (3 mg) was determined under the usual assay con- 
ditions. The differences in aspartokinase activity detected in the 
presence and absence of 10 mm L-lysine or L-threonine are taken 
as a measure of the lysine-sensitive and threonine-sensitive as- 
partokinase activities, respectively. 
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TABLE I 


Separation of lysine-sensttive and threonine-sensitive 
aspartokinases 


Aspartokinase activity of each fraction was measured in the 











presence and absence of 10 mm L-lysine and L-threonine. Other- 
wise, conditions were as described in the text. 
Inhibition by 
Protein fraction Protein ioe 
i-Lysine t-Threonine 
mg units % 
Sonic extract........ 1,225 208 , 000 33.3 50.2 
Streptomycin super- 
Oe eee 750 200 ,000 30.4 49.7 
0-37% NH.SO, pre- 
OIPUALE..;...62 6655.0 395 91,000 53.6 17.0 
Dialyzed 
0-37% NH,.SO, pre- 
oipitate........... 46 ,000 87.7 2.7 
37-50% NH,.SO, 
precipitate. ..... 285 110,000 3.6 73.0 

















was grown in the usual medium supplemented with L-threonine, 
L-lysine, or both, at 10 mm. The results, summarized in Table 
II, show that growth on t-threonine has little if any influence on 
the concentration or on the susceptibility to inhibition of as- 
partokinase activity. However, growth in the presence of lysine 
results in complete repression of the lysine-sensitive aspartokinase; 
this is reflected in corresponding decreases in total aspartokinase 
activity. No such decrease in total aspartokinase is observed 
when cells are grown on threonine alone; however, growth on a 
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mixture of threonine and lysine results in a decrease in asparto- 
kinase over and above that found with lysine alone. Therefore, 
under the latter conditions the threonine enzyme appears to be 
somewhat repressible. The rate of growth is greatly reduced 
when pL-homoserine is present, but no influence on the specific 
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Fia. 4. Inhibition analysis of the lysine and threonine-sensitive 
aspartokinases. v = amount of asparthydroxamate (expressed as 
optical density at 540 my of the ferric complex) formed in 30 min- 
utes. S = moles of aspartate, per liter. In Experiment A, the 
assay mixtures contained 0.9 mg of protein from a 40 to 50% am- 
monium sulfate fraction and where indicated 10 mm t-threonine. 
In Experiment B, 0.61 mg of protein from a 0 to 35% ammonium 
sulfate precipitate was the enzyme and where indicated 10 mm 
L-lysine. Otherwise, conditions were as described in the text. 


TABLE II 


Repressibility of aspartokinase by growth on 
L-threonine, L-lysine, or both 




















Inhibition by 
Growth conditions Aspartokinase = 
. " 
| t-Lysine [Threonine 
| units/mg % 
Minimal medium................ | 184 28.5 46.0 
Minimal medium + t-threonine, | 
Lp ee ee re 164 30.0 43.0 
Minimal medium + L-lysine, 10 | 
OES SECIS: Pn Set eter 137 0 74.0 
Minimal medium + L-lysine, 10 | 
mM + L-threonine, 10mmM...... 70 0 64.0 
| 
TaBLeE III 


Reversibility of inhibition by x-lysine 
Samples of a 0 to 40% saturated ammonium sulfate fraction 
containing 27 mg of protein per ml were incubated for 20 minutes 
at room temperature with L-lysine at the concentration shown in 
Column 1. Afterwards, they were diluted to contain 1.7 mg of 
protein per ml and the concentrations of L-lysine shown in Col- 
umn 2 and were assayed for aspartokinase activity. 











Lysine concentration 
Aspartokinase activity 
During prior During final assay 
incubation at 0° incubation 
units/1.7 mg 
None None 250 
1 mM 70 uM 220 
70 uM 70 uM 226 
1 mM 1 mM 50 
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TaBLeE IV 
The influence of L-lysine and L-threonine on 
heat stability of aspartokinase activity 
The incubation mixtures contained 23.5 mg of protein per mj 
of the 0 to 37% fraction and 28.5 mg of the 37 to 50% fraction. 
After incubation, 0.07 ml of each incubation mixture was assayed 
for aspartokinase activity. The samples incubated with L-lysine 


and t-threonine contained 70 um and 14 uM respectively of these | 
amino acids in the final assay mixture. : 
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—— Incubation conditions — 
units/0.07 ml 
0-37% 20 min., 0° 250 
20 min., 0°, 1 mm lysine 226 
20 min., 56° 86 
20 min., 56°, 1 mm lysine 210 
20 min., 56°, 10 mm aspartate 95 
37-50% 5 min., 0° 256 
5 min., 0°, 2 mm threonine 240 
5 min., 45° 88 I 
5 min., 45°, 2 mm threonine 205 
5 min., 45°, 10 mm aspartate 105 





activity or the composition of the aspartokinase could be de- 
tected. In still other experiments not recorded here, it was 
found that growth on methionine did not significantly influence 
aspartokinase activity. 

Should the noncompetitive inhibition observed with lysine 
(Fig. 4b) be irreversible, the apparent repression of the lysine- 
sensitive enzyme during growth on lysine might then be explained 
by an accumulation of inactive enzyme rather than by an actual 
repression of enzyme synthesis. However, the data of Table 
III show that inhibition by lysine is reversible. In the presence 
of 1 mm lysine, the aspartokinase activity of the 0 to 37% an- 
monium sulfate fraction is inhibited 75%. On the other hand, 
when the enzyme preparation is first incubated with 1 mu 
lysine and is then diluted to 70 uM lysine for the final assay, the 
observed inhibition is only 10%, which is the extent of the 
inhibition observed for preparations incubated and assayed at 
the latter lysine concentration. These data appear to establish 
the reversibility of the lysine inhibition and thereby strengthen 
the conclusion that synthesis of the lysine-sensitive aspartokinase 
is repressed when the bacteria are grown in the presence of lysine. 

Effects of Threonine and Lysine on Heat Stability of Asparto- 
kinase—Changeux? recently discovered that threonine deaminase, 
which catalyzes the first step in isoleucine biosynthesis (16), is 
protected from heat inactivation if isoleucine is present in low 
concentrations. This observation suggests the possibility that 
other enzymes may be similarly protected by their “feed-back” 
inhibitors. To test this possibility we have investigated the 
influence of threonine, lysine, and aspartate on the heat stability 
of the aspartokinases of EF. coli. 

As can be seen from the data of Table IV, when the 37 to 50% 
ammonium sulfate fraction is heated at 45° for 5 minutes, 66% 
of the aspartokinase activity is destroyed. However, enzyme 
which is so treated in the presence of 2 mm L-threonine, and then 
diluted to 14 uM threonine concentration for assay, is only 15% 
less active than unheated enzyme also assayed at 14 uM threonine 
concentration. Relatively little protection against heat in- 


2 Changeux, personal communication. 
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activation is observed with L-aspartate even when it is tested 
at much higher concentrations (10 mm). 

In similar experiments it was observed that the aspartokinase 
activity of the 0 to 37% ammonium sulfate fraction is largely 
protected (93 %) against heat denaturation at 56° for 20 minutes 
when 1 mM L-lysine is present; again, relatively little protection 
is observed with 10 mm L-aspartate. These results demonstrate 
that the t-threonine and L-lysine-sensitive aspartokinases are 
protected from heat inactivation by the presence of their respec- 
tive inhibitors. 

Yeast Aspartokinase—If the only function of the lysine-sensi- 
tive aspartokinase is to insure an adequate supply of aspartyl-P 
for lysine synthesis, this enzyme need not be present in yeast 
in which aspartyl-P is not a precursor of lysine (9). Therefore, 
preliminary studies have been made to determine the amino acid 
sensitivity of the aspartokinase in yeast. 

Results summarized in Table V show that the aspartokinase 
activity in cell-free extracts of yeast grown on a minimal medium 
is almost completely inhibited by 10 mm t-threonine, but is not 
at all inhibited by methionine or lysine. In other experiments 
no inhibition was observed with homocysteine. In still other 
experiments it was established that the concentration of L- 
threonine required for half maximal inhibition is about 1.5 mm. 
Column 4 of Table V shows that a 40 to 50% repression of 
aspartokinase synthesis occurs when the organism is grown in 
the presence of 20 mm L-threonine. Repression is not observed 
when methionine or lysine are supplements to the minimal 
medium. From the generation times recorded in Column 2, 
Table V, it is evident that threonine inhibits the rate of growth. 
This effect may be due to a deficiency of methionine caused by 


TABLE V 


Repressibility and feed-back inhibition of 
aspartokinase activity in yeast 


Except for the additions mentioned in this table, cell-free ex- 
tracts were obtained by the procedures described in the text. 
Generation times are calculated from the logarithmic phase of 
growth curves. 



































Aspartokinase activity 
peel : Inhibition by 10 mu 
Growth supplement of i ~“o a 
supple- Total 2 zr: Threo- 
ment 3 é a nine + 
5 2 & |methio- 
2 3 @ | nine + 
& Ss rac lysine 
mM hrs — % % % % 
| Eee 2.10 62 | 89 0 0 91 
L-Threonine....... 3.50 38 | 97 0 0 90 
L-Threonine + L- 
methionine...... 0.6 3.40 
L-Threonine + L- | 
methionine... 5 2.40 | 81 | 98 | 3] 12 | 95 
L-Threonine + L- 
methionine...... 10 4.45 | 
L-Threonine + L- | 
methionine......| 20 5.75 
L-Threonine + L- | 
{ee 5 3.40 | 
L-Methionine...... 20 5.00 60 | 92 | 19 | 23 | 97 
L-Lysine.......... 5 2.10 60 
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the repressed aspartokinase level, because almost complete 
restoration of the normal growth rate is obtained when 5 mm 
methionine is also added to the growth medium; higher con- 
centrations of methionine are inhibitory. 

Although these observations are consistent with the view that 
yeast contains a single threonine-sensitive aspartokinase which 
produces aspartyl-P for the biosynthesis of methionine and 
threonine, it is obvious from the other data of Table V that the 
situation may be much more complex. Thus, the aspartokinase 
produced when yeast is grown in the presence of threonine plus 
methionine or high methionine alone, is significantly inhibited by 
L-methionine (3 to 19%) and by t-lysine (12 to 23%). Whether 
or not this effect is due to the synthesis of a new aspartokinase 
or represents a modification in the sensitivity of the enzyme 
produced on minimal media, remains to be investigated. 


DISCUSSION 


The observation that a single organism may contain more 
than one enzyme catalyzing the same biochemical reaction is not 
uncommon. For example, liver contains two isocitrate dehy- 
drogenases (17); Z. coli contains two threonine deaminases (18); 
Aerobacter aerogenes contains two acetolactate-forming enzymes 
(19); yeast contains two alcohol dehydrogenases (20), and four 
lactic dehydrogenases (21); and two nucleotide pyrophosphatases 
are present in Clostridium propionicum (22). The present study 
showing the existence of two and possibly three aspartokinases 
in EZ. coli (HfrC) is of special significance because it offers a 
reasonable explanation for the multiplicity of enzymes. In 
those situations in which several end metabolites are derived 
from a common precursor substance, application of the “re- 
pression” and ‘‘feed-back” mechanisms for the metabolic control 
of the enzyme catalyzing the formation of the common inter- 
mediate may pose a serious problem. In such situations, an 
overproduction of one end metabolite might lead to a reduction 
in the rate of formation of the common intermediate to a point 
below that needed for optimal biosynthesis of the other end 
metabolites. A solution to this problem that is rational from 
the biological point of view is the synthesis of multiple enzymes 
which catalyze the formation of the common precursor, each of 
which is independently subject to “feed-back” control and 
“repression”’ by different end metabolites. This appears to be a 
possible explanation for the existence of two aspartokinases in 
E. coli, one of which is controlled by lysine and the other by 
threonine. Consistent with this explanation is the observation 
that in yeast, in which aspartyl-phosphate is not a precursor of 
lysine, only one aspartokinase, sensitive to threonine inhibition 
and repression, is present. These results raise one very obvious 
and fundamental question, namely, in FE. coli does the biosyn- 
thesis of lysine and threonine involve two parallel biosynthetic 
pathways in which all of the common enzymatic steps (Fig. 1) 
are spatially separated within the cell, or alternatively, do the 
two aspartokinases feed a common pool of aspartyl-P from which 
both amino acids can be derived? In the latter situation, with 
an excess of one amino acid the aspartyl-P pool could never fall 
below a critical level for optimal synthesis of the other amino 
acid; repression or feed-back control of the enzymes involved in 
later steps of the biosynthetic pathways might then direct the 
ultimate fate of aspartyl-P. It will therefore be of considerable 
interest to determine whether or not other enzymes involved in 
lysine or threonine biosynthesis can be repressed or inhibited. 

In any event, the results reported here invite the speculation 
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that the multiplicity of enzymes frequently observed to catalyze 
the same biochemical reaction in a single organism may reflect 
situations in which the reaction product is a common precursor 
in the formation of diverse metabolites. In such instances, 
investigations of the susceptibility to inhibition by reasonable 
end metabolites might be fruitful. 

Often in the course of studies with biochemical mutants it is 
observed that a genetic block is not complete. Such mutants 
are referred to as ‘“‘leaky mutants’ because they still possess the 
ability to synthesize a particular enzyme but at a reduced rate. 
In view of the present studies, it might prove fruitful to rein- 
vestigate some of the so-called “leaky mutants” to determine 
whether or not they may be the result of mutations in which 
only one of two enzymes has been lost which catalyze a common 
biosynthetic step. 

It should be emphasized that aside from differences in relative 
heat stability the different aspartokinases in F. coli are recogniz- 
able in crude extracts only on the basis of their differential in- 
hibition and repression by L-lysine, t-threonine, and L-homo- 
serine; they catalyze identical reactions involving the transfer of 
a phosphorylgroup from ATP tothe 6-carboxyl group of aspartate 
to form 8-aspartyl phosphate. From studies not described in 
the text, the separated lysine’ and threonine-sensitive enzymes 
can not be differentiated on the basis of reaction kinetics, or their 
responses to changes in aspartate, ATP, or Mg*+ concentrations. 
The existence of a third distinct aspartokinase which is selectively 
inhibited by L-homoserine is indicated by the observation that 
slight inhibition of aspartokinase activity (8 to 10%) by L- 
homoserine is frequently observed with crude sonic extracts. 
This inhibition is additive; that is, it is observed over and above 
inhibition obtained with saturation levels of t-threonine and 
L-lysine. Moreover, during fractionation with ammonium 
sulfate, the sensitivity of various fractions to .L-homosérine 
inhibition varies independently with respect to either of the 
other two aspartokinases. 

In view of Changeux’s discovery? that isoleucine protects 
threonine deaminase against heat denaturation, and the demon- 
stration in this paper that a similar protection against denatura- 
tion of the two aspartokinases of E. coli is exerted by their 
respective amino acid inhibitors, it appears likely that protection 
of the first enzyme in a metabolic sequence by the ultimate end 
product is a common if not general phenomenon. The fact that 
the end product is a more effective protective agent than the 
substrate may be a reflection of the.relative affinities of the 
enzyme for the two compounds. It is perhaps of significance in 
this connection that although lysine and threonine each protect 
their respective aspartokinases against denaturation, inhibition 
of enzyme activity by the former is noncompetitive whereas 
with the latter substance it is competitive. It thus appears that 
protection against heat denaturation by lysine does not involve 
combination at the substrate site of the enzyme whereas com- 
bination with threonine does. 


SUMMARY 


Cell-free extracts of Escherichia coli contain at least two 
different aspartokinases that catalyze the phosphorylation of 
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aspartate by ATP. These enzymes have been separated from 
each other by ammonium sulfate precipitation. One asparto- 
kinase is specifically and noncompetitively inhibited by L-lysine: 
it is relatively stable and is protected from heat denaturation at 
56° by 1.0 mm L-lysine. This aspartokinase is not formed when 
the organism is grown in a medium containing 10 mM L-lysine. 
A second aspartokinase is specifically and competitively inhibited 
by t-threonine; it is relatively unstable and is protected from 
denaturation at 45° when 2 mm t-threonine is present. The 
concentration of this aspartokinase is relatively uninfluenced by | 
growth in the presence or absence of u-threonine. The existence 
of a third aspartokinase in cell-free extracts, which is specifically 
inhibited by t-homoserine, is also indicated. ‘ 
In contrast, yeast appears to contain a single aspartokinase 
which is sensitive to inhibition and repression by t-threonine, 
The biological significance of these enzymes is discussed from 
the standpoint of lysine and threonine biosynthetic pathways 
and their regulation. : 
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Cultured human cells have a large “pool” of amino acids (1), 
which reflect their active transport into the cell against a con- 
centration gradient. As will be here shown, the degree of con- 
centration by the cell varies with the extracellular level, and 
also with the specific amino acid and cell line. These data on 
the relationship between the intracellular and extracellular levels 
have made possible the determination of the intracellular con- 
centrations of threonine, valine, and lysine required for protein 
synthesis and cellular growth. 


EXPERIMENTAL PROCEDURE 


1. Preparation of Culture for Experiments—The cells used as 
inoculum were grown either as a monolayer adherent to glass, 
or in suspension by the “spinner” technique of McLimans et al. 
(2). The basal medium (3, 4) contained only the 28 demon- 
strably essential growth factors, supplemented with serum 
protein. Five human cell lines were studied: a culture of cervical 
carcinoma cells, HeLa (5), and a cloned subline, HeLa-S3 (6), 
the KB strain (carcinoma of nasopharynx) (7), normal intestinal 
epithelium (8), and conjunctiva (9). Identical results were 
obtained with the parent HeLa and its clonal derivative, and 
they are not distinguished in the text. 

2. Rate of Cell Growth as Function of Extracellular Amino Acid 
Concentration—To keep the external concentration of amino acids 
constant during the period of observation, relatively small 
numbers of cells were grown in a large volume of fluid. When 
approximately 100 cells were placed in a 60-cm Petri dish in 8 
ml of medium and allowed to grow out as individual clones (6), 
the amounts of amino acid utilized for cell growth were minor in 
relation to the initial amount in the medium. In most experi- 
ments the concentration actually increased slightly because of 
evaporation over the 8-day period of observation. 

Suspension cultures in the logarithmic phase of growth were 
counted. If the number of cells per clump averaged more than 
1.2, trypsin (“‘Viokase’’) was added to the culture at a concentra- 
tion of 0.25% and the cultures were placed for 1 to 2 hours at 37° 
to disperse the cells. In the experiments here reported, the aver- 
age number of cells per clump varied from 1.05 to 1.2, and 60 to 
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80% were monodisperse. The cells were then centrifuged for 10 
minutesat 200 x g, and resuspended in the experimental mediums. 
The basal growth medium (3, 4) used in these experiments was 
supplemented with 3 to 5% dialyzed serum, as well as 0.1 mm 
serine, which has been shown to be the only additional growth 
factor required for the growth of single human cells from serially 
propagated cultures (10). In the later experiments, gel-filtered 
serum ((11) cf. below) was substituted for the dialyzed serum, 
for the reasons discussed in the following section. 

In the experiments the concentration of a single amino acid, 
either lysine, threonine, or valine, was varied; all the others 
remained at maximally effective levels. The L-amino acids were 
used throughout; and the uniformly C-labeled amino acids were 
also in the t-configuration. Cells resuspended in the various 
experimental mediums to a concentration of 12.5 per ml were 
planted in 8-m] volume (100 cells) in 60-mm Petri dishes, which 
were then incubated in a 5% COz-air atmosphere. At each 
amino acid concentration, three replicate plates were removed 
on days 4, 6, and 8, fixed with formaldehyde (10% in 2% sodium 
acetate), and stained with 0.1% methylene blue for 15 minutes. 
At growth-limiting concentrations of amino acid there was a dual 
effect; fewer cells grew out to form clones, and there was a slower 
rate of growth in the clones which did grow. The parameter of 
growth arbitrarily chosen for presentation in the tables and 
figures was the total number of cells per plate, which embodies 
both effects. 

The quantitative significance of a number of early experi- 
ments was vitiated with the finding that because of associated 
enzymes, sterile dialyzed serum undergoes progressive proteolysis, 
which leads to the accumulation of free amino acids (12). When 
cells were grown in a medium containing e.g. 0.002 mm valine- 
C™“, so much contaminating amino acid was supplied by the 
breakdown of serum that the specific activity of the cellular 
valine residues was only 23% that of the labeled amino acid added 
to the medium. This difficulty was largely overcome by passing 
the dialyzed serum through “Sephadex” gel (11) to remove the 
amino acids which had accumulated during storage. The effluent 
serum was sterilized and frozen, and was added to the experi- 
mental mediums immediately before their use at the lowest 
concentration (3 to 5%) consistent with sustained growth. Such 
gel-filtered serum undergoes proteolysis at a significantly slower 
rate than does dialyzed serum (12). When cells were grown un- 
der the conditions of these experiments, in a medium contain- 
ing 0.003 or 0.015 mm valine-C“ supplemented with such se- 
rum at the 5% level, the specific activity of the valine in the 
medium after 8 days incubation was 75 and 100% that of the 
precursor valine, respectively. The error introduced by this 
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minor degree of proteolysis has not been corrected for in the 
text, tables, or figures. 

As illustrated in Table I, the protein content per cell, and its 
average amino acid composition, were unaffected when cells 
were grown at limiting concentrations of a single amino acid in 
an otherwise complete medium. The degree of cellular prolifera- 
tion could therefore be taken as a direct measure of protein 
synthesis. 

3. Intracellular Concentrations of Free Amino Acids as Function 
of Environmental Concentration—In order to determine the intra- 
cellular concentrations used in the foregoing type of experiment, 
monolayer cultures in 1-liter bottles, containing 70 ml of culture 
fluid and approximately 0.2 ml of cells, were overlaid for 2 hours 
at 37° with a medium which lacked a single amino acid in order 
to deplete the cellular pool. The medium was then replaced 
with one containing that uniformly C'-labeled amino acid in 
varying concentration. Preliminary experiments showed that 
the transport of the labeled amino acid into the cell was more 
than 75% complete in 15 minutes, and more than 90% complete 
in 1 hour. Accordingly, after 4 to 6 hours, the overlying fluid 


TABLE I 


Normal protein content and composition of HeLa cells grown at 
limiting concentrations of valine 











Valine in | No. of Protein* Protein*/ | Valine N in 

medium cells content 10° cells Protein Nt 
mM | x<108 | meg | % 

0.002 | | | 5.4 

0.004 5.3 | 0.0144 272 

0.006 | 11.0 | 0.022 200 

0.01 21.5 | 0.059 274 

0.1 | 524 | 0.157 300 | 5.2 


, 

* Based on bromphenol blue absorption (15), with N analysis of 
the cold trichloroacetic acid residue of cells grown at 0.1 mm valine 
as reference standard. 

+ Residue after extraction of cells with 8% cold trichloroacetic 
acid, followed by single extraction with 50:50 alcohol-ether to 
remove trichloroacetic acid, was hydrolyzed and analyzed chro- 
matographically. 








A= THREON-INTEST. 


40X x= THREON-HELA 
x : O=LYSINE -INTEST. 
35XF B=LYSINE - KB 
@= VALINE - KB 


O= VALINE -HELA 
@= VALINE -CONg. 


DEGREE OF CONCENTRATION BY CELL 
(RATIO OF AA LEVELS IN CELL AND MEDIUM) 
= 
~< 
T 











002.005 Of 02 0 1 2 5 | 
EXTERNAL LEVEL OF SPECIFIC AMINO ACID, mM 


Fic. 1. The degree to which lysine, threonine, and valine were 
concentrated by various cells, considered as a function of the en- 
vironmental concentration. 
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was carefully drained, and the cell layer was chilled, and rapidly 
washed once with approximately 5 ml of cold salt (3, 4) solution, 
This has been shown (1) not to deplete the cellular pool of free 
amino acid. Five milliliters of cold 8% trichloroacetic acid 
were then added to the cell layer, and the coagulated materia] 
was scraped with a rubber policeman, collected with washing, 
and centrifuged. The supernatant fluid was extracted with 
ether to remove the trichloroacetic acid, and concentrated to 
5 ml for measurement of radioactivity and for column analysis 
(13, 14). The amino acid in that trichloroacetic acid extract is 
assumed to represent the free amino acid of the cell. (The pos- 
sibility that some may have been liberated from conjugates in the 
course of trichloroacetic acid extraction has not been considered 
in the calculations.) Nitrogen analysis of the cold trichloroacetic 
acid residue provided a measure of the cell volume, with the 
previously determined reference values of 11.7, 12.9, 16.0, and 
12.2 mg of N per ml of packed cells for the HeLa, KB, intestine, 
and conjunctiva cell lines, respectively. 

A trichloroacetic acid extract of the medium was similarly 
prepared for measurement of radioactivity and column analysis, 
More than 90% of the C™ in the medium was recovered; 80 to 
100% of the C'-activity of both the cell and medium extracts 
was recovered in the specific amino acid on chromatographic 
analysis. Further, as shown by the specific activities of the 
isolated amino acids, the amounts formed by the breakdown of 
cell or medium protein (see preceding section) during the 6-hour 
period of equilibration were negligible in relation to the amounts 
which had been added, even at low levels (0.002 to 0.01 mw), 
The ratio of intracellular-extracellular trichloroacetic acid- 
soluble C could therefore be taken as a direct measure of the 
degree to which the amino acid had been concentrated by the 
cell. 

When an attempt was made to use suspension cultures in these 
studies on amino acid equilibration between cell and medium, 
the cellular traumatization caused by their compression during 
centrifugation resulted in the breakdown of cell protein, and the 
intracellular accumulation of free amino acids in amounts of 
up to 0.01 to 0.05 umole per ml of cells for each amino acid. At 
external concentrations in excess of 0.1 mm, with internal levels 
in excess of 0.2 to 1.0 mm, this effect could be ignored. At low 
environmental concentrations, however, the amino acids derived 
from protein breakdown exceeded those derived from the medium. 
To the degree that labeled amino acid had been incorporated into 
protein during the period of incubation, erroneously high values 
were obtained for the ratio of intracellular-extracellular amino acid- 
C4. The values given for the cellular concentration of free amino 
acids were, therefore, based on experiments with monolayer 
cultures. 


RESULTS 


Intracellular Concentration of Amino Acids as Function of 
their Extracellular Concentration—At physiological levels, most 
of the nutritionally essential amino acids of the medium have been 
shown to be concentrated by cultured human cells approxi- 
mately 2- to 10-fold (1). A much greater degree of variation 
was found at the relatively low levels used in the present experi- 
ments (Fig. 1). Thus, valine was concentrated 4- to 5-fold by 
all three cell lines tested, whether the outside concentration was 
0.002, 0.1, or 1 mm. Threonine and lysine, however, were more 
actively concentrated; the degree varied with the absolute 
level in the surrounding fluid. Threonine, for example, was 
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concentrated by the KB cell 37-, 20-, 10-, and 8.5-fold, at external 
Jevels of 0.001, 0.01, 0.1, and 1 mm, respectively. 

Rate of Cell Growth as Function of Extracellular Amino Acid 
Concentration—The rate of cell growth when the concentration 
of a single amino acid was varied in an otherwise complete medium 
js illustrated for the KB cell with u-valine and L-lysine in Fig. 2. 
At low concentrations of amino acid, e.g. 0.001 mM, there was 
no significant cellular growth. Cellular growth and protein 
synthesis were initiated at a significant rate only when the ex- 
ternal concentration exceeded 0.003 mm, in the case of lysine, 
and 0.005 mM, in the case of valine, and the rate of growth was 
essentially maximal at approximately 0.015 mm. 

Six combinations involving four cell lines and three amino acids 
(lysine, valine, threonine) were similarly tested. The quali- 
tatively similar results are summarized in Fig. 3. The relative 
growth rates there plotted are based on the average generation 
times during the period for which the number of cells per clone 
and per culture dish could be accurately counted. As was to be 
anticipated, the amount of amino acid that had to be added to 
the medium in order to initiate protein synthesis and cellular 
growth was somewhat less with amino acids that were highly 
concentrated by the cell. At an external level of 0.005 mm, 
for example, valine, lysine, and threonine were concentrated 3- 
to 4-fold, 12-fold, and 25-fold, respectively (Fig. 1). The 
external levels which permitted growth at 20% of the maximal 
rate were 0.003 to 0.006, 0.003 to 0.004, and 0.0015 mm, respec- 
tively, and the concentrations which permitted growth at 80% 
of the maximal rate were similarly 0.0075 to 0.015, 0.009, and 
0.003 mm. Although the differences were significant, they were 
not as great as might have been anticipated on the basis of the 
amino acid equilibration data of Fig. 1. 

Rate of Cell Growth as Function of Intracellular Amino Acid 
Concentration—Fig. 4 shows the rate of cell growth as a function 
of the intracellular amino acid concentration for the six cell 
and amino acid combinations here tested. In all cases, the pool 
concentration had to exceed a critical threshold level in order to 
initiate cell growth; the absolute magnitude of that level varied 
from 0.01 to 0.05 mm. At intracellular concentrations only 
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Fig. 2. The rate of growth of KB cells as a function of the ex- 
ternal concentration of valine and lysine. (For details of experi- 
ments, see ‘‘Experimental Procedure’’.) 
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Fic. 3. The rate of growth of four cell lines as a function of the 
external concentration of lysine, threonine, and valine. Effect 
of lysine concentration on growth of KB (™) and intestine (D) 
cell; effect of threonine concentration on growth of HeLa cell 
(X); and effect of valine on growth of conjunctiva (@), KB (@) 
and HeLa (O) cells (cf. Fig. 1). 
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slightly in excess of the partially (20%) effective level, the rate 
of cell growth (and of protein synthesis) increased rapidly, to 
reach 80% of the maximum at concentrations only 2 to 4 times 
greater than the minimal effective level, and varying between 
0.03 and 0.15 mm. 
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DISCUSSION 

As here shown, the intracellular concentration of valine, lysine, 
and threonine must exceed a critical threshold level (0.01 to 
0.04 mm) in order to initiate protein synthesis at a rate consistent 
with cellular survival and growth. These data may be of general 
validity. The extracellular concentration of cystine and serine 
which permitted cellular growth at almost the maximal rate, 
under conditions when these amino acids were nutritionally 
essential, has recently been found to be approximately 0.005 
mM (16). In the case of serine, this level is in equilibrium with 
intracellular concentrations! of the same order of magnitude as 
those here found effective for valine, threonine, and lysine. 

The interpretation of a critical amino acid level for protein 
synthesis, in terms of the specific step for which the concentration 
factor is limiting, is complicated by the fact that the average 
cellular amino acid levels as here measured are not necessarily 
the same as the local concentrations at the sites of amino acid 
activation. Although amino acids which were highly concen- 
trated by the cell were effective at somewhat lower external 
levels than amino acids which were not so actively concentrated, 
the corresponding average intracellular levels were significantly 
higher. This relationship is consistent with “pool compart- 
mentation” as suggested for Candida utilis and Escherichia coli 
by Cowie et al. (17-19). 

The data here reported on the concentrative uptake of amino 
acids by cultured human cells represent stabilized equilibrium 
values. The kinetic aspects of amino acid transport by cultured 
human cells, similar to those obtained for glycine in ascites cells 
by Christensen et al. (20, 21), the competitive interactions in the 
transport of amino acids, and the reasons for the qualitative as 
well as quantitative differences between amino acids with respect 
to the steady state (Fig. 1) all remain to be explored. No regular 
differences were here found between cell lines derived from normal 
and from malignant tissues, either in their ability to transport 
amino acids into the cell against a concentration gradient, or in 
the intracellular concentrations of amino acid necessary for 
protein synthesis. 


SUMMARY 


Cultured human cells (HeLa, KB, intestine, and conjunctiva) 
concentrated valine, lysine, and threonine 3- to 30-fold, depending 


1H. Eagle, and K. A. Piez, unpublished observations. 
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largely on the specific amino acid and its absolute concentration | 


in the medium, and to a lesser extent on differences between the 
various cell strains. 

For each amino acid a threshold concentration was necessary 
in order to effect sustained protein synthesis and cellular growth, 
That minimal effective level was 0.0015 to 0.006 mm externally, 
and 0.01 to 0.05 mm intracellularly. At somewhat higher con- 


centrations, the rate of protein synthesis increased rapidly to | 


reach 80% of the maximal rates at external concentrations of 
0.003 to 0.015, and intracellular levels of 0.03 to 0.15 mm. 
The significance of these findings is discussed. 
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An enzyme located in the particles of bovine adrenal medulla 
catalyzes the conversion of 3,4-dihydroxyphenylethylamine to 
the hormone norepinephrine (1). The extraction and partial 
purification of this enzyme have recently been described (2). 
With the purified enzyme, it was shown that the hydroxylation 
of 3,4-dihydroxyphenylethylamine is coupled to a stoichio- 
metrically equivalent oxidation of ascorbic acid according to the 
following equation (2): 


DOPamine! + ascorbic acid + O2 — (1) 
norepinephrine + dehydroascorbic acid + H.O 


Fumarate and related dicarboxylic acids markedly stimulate the 
reaction. 

The present report concerns some preliminary studies on the 
mechanism of the hydroxylation reaction. It has been found 
that the DOPamine hydroxylating enzyme, further purified by 
alcohol fractionation, also catalyzes the hydroxylation of B- 
phenylethylamine to 6-phenylethanolamine, and that this 
reaction, like the hydroxylation of DOPamine, is dependent on 
the presence of ascorbic and fumaric acids. Studies contrasting 
the DOPamine and phenylethylamine reactions suggest that 
the very slow hydroxylation of DOPamine which occurs in the 
absence of ascorbate (2) depends on the electron-donating ac- 
tivity of the catechol group. The previously reported stimula- 
tion of DOPamine hydroxylation by adenosine triphosphate and 
glucose dehydrogenase (2-4) or by catalase (2) has been shown 
to be due to an effect of these substances on enzyme stability, and 
is not directly related to the hydroxylation mechanism. The 
norepinephrine formed by enzymatic hydroxylation of DOP- 
amine is predominantly of the biologically active L configuration. 


EXPERIMENTAL PROCEDURE 


Materials 


Pyrocatechol, m-cresol, and tyramine-HC]l were obtained from 
Eastman Organic Chemicals, 6-phenylethylamine-HCl from the 
California Foundation for Biochemical Research, 6-phenyl- 
ethanolamine-HCl from K. and K. Laboratories, crystalline 
beef liver catalase from Worthington Biochemical Corporation, 
and disodium DPNH from Sigma Chemical Company. The 
Lnorepinephrine bitartrate monohydrate used as standard for the 
biological assay was obtained from Winthrop Laboratories. The 


* Present address, Department of Pediatrics, Sinai Hospital of 
Baltimore, Baltimore 15, Maryland. 

1The abbreviation used is: DOPamine, 3,4-dihydroxyphenyl- 
ethylamine. 


6-phenylethylamine-a-C and DOPamine-a-C™, each with a 
specific activity of about 6 we per mg, were prepared by Merck 
and Company, Ltd.2 Other materials were obtained as previ- 
ously described (2). 


Methods 


Measurement of Enzyme Activity—Most of the experiments on 
norepinephrine formation utilized the standard reaction mixture 
previously described (2), except that crystalline catalase was 
substituted for ATP and glucose dehydrogenase. The amount 
of catalase suspension used in these experiments was that found 
experimentally to give maximal stimulation of norepinephrine 
formation on 12 to 40 minutes of incubation under the standard 
conditions (2). Since this amount varied with the age of the 
catalase preparation and from one lot of catalase to another, it 
was redetermined at intervals. Excessive amounts of catalase 
inhibited the reaction. The use of more purified enzyme made 
it unnecessary to include in the reaction mixtures the monoamine 
oxidase inhibitor (1-methyl-2-phenyl)-ethyl hydrazine hydro- 
chloride, utilized in earlier experiments (2). 

For experiments in which periodate oxidation was the assay 
method used, the substrate concentration was increased to 2 
umoles and the fumarate to 50 wmoles per 0.68 ml of reaction 
mixture, so as to give 2 to 3 times more rapid reaction rate. 
Under these conditions, 200 umoles of buffer were used. In 
the spectrophotometric experiments, a modified reaction mixture 
was used containing the following components: potassium phos- 
phate buffer, pH 6.4, 200 umoles; the substrate for hydroxylation, 
2 umoles; catalase; and enzyme purified by alcohol fractionation, 
0.2 ml (about 140 ug of protein), in a total volume of 1.0 ml. 
Spectrophotometric experiments required much larger amounts 
of enzyme than did those in which norepinephrine or phenyl- 
ethanolamine formation was measured. In each case, the optical 
density was read against a blank cuvette containing the same 
components as the experimental cuvette except for the substitu- 
tion of boiled enzyme. The figures are redrawn from Cary 
recording spectrophotometer tracings. 

All incubations were carried out with shaking in open test 
tubes at 35°, except for spectrophotometric experiments, which 
were performed in stationary cuvettes at room temperature 
(24°) with the use of matched quartz cuvettes with a 1-cm light 
path. Fumaric and ascorbic acid solutions were adjusted to a 
pH of 5 to 6 before addition. Pyrocatechol solutions contained 


2In a previous publication (2), the DOPamine-a-C™ was er- 
roneously reported to have a specific activity of 60 uc per mg. 
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0.02 umole of HCl per wmole of pyrocatechol; and DPNH 
solutions, 1 wmole of KOH per mg of disodium DPNH. 

Assay of Reaction Products—Unless otherwise stated, norepi- 
nephrine was measured fluorometrically as previously described 
(2). Bioassay of norepinephrine was carried out in duplicate on 
male rats of about 300 g, which had been treated intravenously 
with 10 mg per kg of atropine sulfate and anesthetized with 
urethane. Aliquots of standard incubation mixtures were treated 
with trichloroacetic acid to stop the reaction (2), suitably diluted 
in 0.9% NaCl, and injected in volumes of 0.4 ml into the jugular 
vein. The blood pressure responses were measured in the carotid 
artery, using a Statham electrical manometer and a Sanborn 
recorder, and compared with responses to L-norepinephrine 
standards. The dilutions made were great enough to prevent 
any blood pressure response to the components of the reaction 
mixture before incubation, or to the trichloroacetic acid. The 
method for estimation of relative amounts of norepinephrine- 
a-C™ by periodate oxidation has been previously described (2), 
and was also used for measurement of similarly labeled phenyl- 
ethanolamine. Ascorbic acid was determined by titration against 
2 ,6-dichlorobenzenoneindophenol (5). 

For chromatography of phenylethylamine and phenylethanol- 
amine, small aliquots of the reaction mixtures were spotted 
directly on Whatman No. 3 paper. When larger amounts were 
required, the reaction mixtures were lyophilized to dryness and 
redissolved in suitable small volumes of 50% alcohol for spotting 
on Whatman No. 3 paper. Descending chromatography was 
carried out in butanol-water, butanol-acetic acid-water, and m- 
cresol-acetic acid-water (6). The spots were detected by spray- 
ing with 0.25% ninhydrin (weight per volume) in butanol satu- 
rated with 0.1 m KH,PO,, followed by 2 to 3 minutes of heating 
at 100°. The N-benzoylation of phenyletnanolamine was carried 
out as described by Kolshorn (7). Descending chromatography 
of N-benzoylphenylethanolamine was performed on Whatman 
No. 3 paper in the petroleum ether-benzene-methanol-water, 
benzene-methanol-water, and toluene-ethyl acetate-methanol- 


TABLE I 

Inactivation of enzyme by preincubation in absence of catalase 

The enzyme (35 ug of gel eluate) was preincubated at 35° with 6 
pmoles of ascorbate, 1 umole of DOPamine, and 100 umoles of 
potassium phosphate buffer, pH 6.4, in a total volume of 0.5 ml. 
The control vessel contained in addition 0.01 ml of catalase. At 
the end of the preincubation, 12.5 umoles of fumarate were added 
to all the vessels and 0.01 ml of catalase to all vessels except the 
control. Second additions of DOPamine, ascorbate, or enzyme 
were made as indicated and the mixtures again incubated in a total 
volume of 0.68 ml. Both incubations were carried out for 10 min- 
utes. The activity of the control preincubated in the presence 
of catalase is slightly higher than that of the control not preincu- 
bated, probably because of the slow norepinephrine formation 
during preincubation without fumarate. 














Preincubation mixture bmn —— 
pmole/ml 
With catalase (control)...... None 0.25 
Without catalase............ None 0.03 
Without catalase............ DOPamine, 1 umole 0.04 
Without catalase. ........... Ascorbate, 6 ymoles 0.03 
Without catalase............ Enzyme, 35 ug 0.20 
Control not preincubated. ... 0.22 


Conversion of DOPamine to Norepinephrine 
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water systems described by Bush (8), the position of the com. | 


pound being detected under ultraviolet light. 





Enzyme Preparation—Hydroxylating enzyme was extracted 
from adrenal medulla particles and purified with ammonium 
sulfate and calcium phosphate gel as already described (2), 
In addition, for studies on substrate specificity the enzyme was 
further purified by alcohol fractionation. Gel eluates containing 
400 to 800 ug of protein per ml of 0.075 m potassium phosphate 
buffer, pH 6.8, were fractionated with ethanol between 0 and 25 
and 25 and 55% ethanol (volume per volume) at a temperature 
of —5°. The additions of ethanol were made dropwise, with 
mechanical stirring, and an equilibration period of 10 minutes 
was allowed after each addition. The precipitates were collected 
by centrifugation at —5° for 10 minutes at 5000 x g, redissolved 
in a volume of 0.02 m potassium phosphate buffer, pH 6.8, which 


was one-fifth to one-third that of the original gel eluate, and | 


dialyzed for 3 hours at 4° in a rocking dialyzer against at least g 
40-fold excess of the same buffer, changed once. 


volume). 


ification with a 60 to 90% recovery of activity. Some of the 


spectrophotometric experiments were performed with subfractions | 


precipitating between 25 and 33% or 33 and 50% ethanol 
(volume per volume). 


RESULTS 


Function of Catalase—Earlier experiments with the enzyme 
included ATP and a liver glucose dehydrogenase preparation as 
cofactors for the hydroxylation (2). In view of the extensive 
reaction occurring in the absence of these factors, it seemed 


The bulk of the | 
activity precipitated between 25 and 55% ethanol (volume per | 
The procedure usually resulted in a 3- to 8-fold pur. | 


unlikely that they were directly involved in the hydroxylation | 


reaction. In support of this conclusion, it has been found that 
the initial rate of norepinephrine formation is not stimulated by 
glucose dehydrogenase and ATP. These results suggest the 
possibility that both ATP and glucose dehydrogenase are pro- 
tecting some component of the hydroxylation system from in- 
activation during longer incubations. 

Recently it has been found that in the phenylalanine hydroxyl- 
ating system (9) glucose dehydrogenase can be replaced by 
crystalline catalase when certain synthetic tetrahydropteridines 
are used in place of the natural cofactor.’ In the conversion of 
DOPamine to norepinephrine, catalase can replace both the 
glucose dehydrogenase preparation and the ATP (2). The 
following experiment demonstrated that catalase is functioning 
as a protective agent. 

The enzyme, DOPamine, and ascorbic acid were preincubated 
for 10 minutes at 35°. If catalase was also present during the 
incubation, subsequent addition of fumarate initiated a norepi- 
nephrine formation as rapid as that in a control not preincubated 
(Table I). On the other hand, if catalase was omitted from the 
preincubation mixture, norepinephrine formation after subse- 
quent addition of fumarate and catalase was markedly dimin- 
ished. The activity lost on preincubation could be restored only 
by a second addition of enzyme, not by DOPamine or ascorbate. 
It was concluded that catalase functions to protect the enzyme 
from an inactivation. 

Separate experiments demonstrated that both ascorbate and 
DOPamine are to some extent responsible for this inactivation; 
fumarate has no destructive effect on the enzyme. Since both 


3S. Kaufman, unpublished experiments. 


XUM 





}, No.7 


he com. 





Xtracted 
imonium 


bed (2), | 


yme was 
ntaining 
hosphate 
0 and 25 
perature 
‘ise, with 

minutes 
collected 
dissolved 
.8, which 
late, and 
at least a 
ulk of the 
lume per 


fold pur. | 


ne of the 
fractions 
> ethanol 


2 enzyme 
aration ag 
extensive 
it seemed 
‘oxylation 
ound that 
ulated by 
ggest the 
2 are pro- 
. from in- 


hydroxyl- 
placed by 


pteridines | 


version of 
both the 
(2). The 
unctioning 


incubated 
during the 
| a norepi- 
“incubated 
1 from the 
ter subse- 
diy dimin- 
tored only 
ascorbate. 
he enzyme 


orbate and 


activation; 
Since both 


ViIiM 


( 





July 1961 


DOPamine and ascorbate are readily autoxidizable nonenzymati- 
cally, producing H,Oz., it seems likely that H,O; is the inactivating 
agent. Small amounts of added H,0, (0.1 umole per ml) also 
inactivate the enzyme during incubation, and as expected, this 
jnactivation can be prevented by catalase. 

Optical Specificity of Reaction Product—An enzyme converting 
DOPamine to norepinephrine has been demonstrated by Smith 
and Kirshner in extracts from the banana plant (10). Biological 
assay of the product of this reaction indicated amounts of norepi- 
nephrine that were only one-half those obtained by fluorometric 
assay (11). Since the pressor activity of p-norepinephrine is 3 
to4% that of the u form (12), it was suggested that the enzymatic 
reaction product is of the pt configuration (11). The norepineph- 
rine formed by the adrenal medulla hydroxylating enzyme has 
now been subjected to rat blood pressure bioassay, with 
t-norepinephrine as standard. Table II shows four representative 
experiments comparing the results obtained by this method with 
those found by fluorometric assay of the same sample. The 
yariations in amount of norepinephrine formed were due to 
differences in the amount of enzyme used and in the time of 
incubation. In each case, the level of norepinephrine as de- 
termined by bioassay was at least 80% of the value by the 
fluorometric method. Although the biological method is rela- 
tively inaccurate, the results show that the major part of the 
norepinephrine formed by the adrenal enzyme must be of the 
L configuration. 

Hydroxylation of Phenylethylamine—It has been suggested that 
the enzymatic conversion of DOPamine to norepinephrine may 
proceed through quinone intermediates, in analogy with some 
nonenzymatic reactions (13). Certain noncatechol compounds 
structurally related to DOPamine were therefore tested as 
substrates for the hydroxylating enzyme. It was found that in 
the presence of active enzyme, 6-phenylethylamine and tyra- 
mine can support oxidation of ascorbate as well as can DOPamine 
(2), whereas ethylamine, phenylalanine, norepinephrine, artere- 
none, and adrenalone are inactive in this respect. With each of 
the active substrates, fumarate stimulates the ascorbate oxida- 
tion. 

The similarity of the DOPamine- and phenylethylamine- 
dependent activities in catalyzing ascorbate oxidation suggested 
that the DOPamine-hydroxylating enzyme can also function to 
hydroxylate the 6 position of 6-phenylethylamine, producing 
8-phenylethanolamine. Characterization of the product of the 
enzymatic reaction as phenylethanolamine is based on several 
criteria. Chromatography of reaction mixtures in butanol-water, 
butanol-acetic acid-water, and m-cresol acetic acid-water showed 
an enzyme-dependent disappearance of phenylethylamine and 
the concomitant appearance of a substance cochromatographing 
with phenylethanolamine. The initial color of this product on 
ninhydrin spray was red-brown, as was that of phenylethanola- 
mine, in contrast to the deep blue color of phenylethylamine. 
Moreover, the product could be oxidized by periodate to yield 
formaldehyde measurable by the Nash procedure (14), suggest- 
ing the addition of a hydroxyl group adjacent to the amino group 
of the side chain (15); and the product of the enzymatic reaction 
with phenylethylamine-a-C™ as substrate, like that with DOP- 
amine-a-C™ as substrate (2), yielded radioactive formaldehyde 
on oxidation by periodate. Also, the reaction product could be 
converted by the N-benzoylation procedure of Kolshorn (7) to a 
ninhydrin-negative, highly ultraviolet-absorbing compound which 
had the chromatographic behavior of N-benzoylphenylethanol- 
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TaBLe II 


Biological activity of enzymatically generated norepinephrine 
See text for details. 





Norepinephrine formed 
Experiment 














Bioassay Fluorometric assay 
pmoles/ml 
1 | 0.16 0.20 
2 0.19 0.23 
3 0.43 0.50 
4 | 1.70 | 1.26 





amine in petroleum ether-benzene-methanol-water, benzene- 
methanol-water, and toluene-ethyl acetate-methanol-water. 
Finally, the radioactive reaction product formed from 6-phenyl- 
ethylamine-a-C™“ was N-benzoylated along with cold carrier 
phenylethanolamine to form a derivative which maintained 
constant specific activity on repeated recrystallization. 

Cofactor Dependencies of Phenylethylamine Hydroxylation—The 
appearance of the phenylethanolamine-like spot on ninhydrin- 
sprayed chromatograms is dependent on incubation of phenyl- 
ethylamine in the presence of enzyme, substrate, ascorbate, 
and fumarate. With 6-phenylethylamine-a-C™ as substrate, 
the formation of radioactive phenylethanolamine was measured 
by the periodate oxidation method (2). This assay confirmed 
the fact that the cofactor requirements for phenylethylamine 
hydroxylation are the same as those previously reported for 
norepinephrine formation from DOPamine (2), as catalyzed by 
the same enzyme preparation, except that with phenylethylamine 
as substrate, the reaction is completely dependent on the presence 
of ascorbate (Table ITI). 

Identity of DOPamine- and Phenylethylamine-hydroxylating 
Enzymes—The close correspondence between the cofactor re- 
quirements for the DOPamine- and phenylethylamine-hydroxyl- 
ating systems suggested that a single enzyme catalyzes both 
reactions. A further indication that the two activities are those 
of a single protein is the similarity in the rates of their heat 
denaturation. Catalysis of substrate-dependent ascorbate oxi- 
dation is prevented if the enzyme is boiled for 3 minutes, but 
both the DO Pamine-dependent and phenylethylamine-dependent 
ascorbate oxidizing activities are only slowly destroyed at 56°. 
Fig. 1 demonstrates that the rates at which the two activities 


TaBLe III 
Cofactor dependencies of enzyme with phenylethylamine as substrate 


Standard conditions as described in the text, using enzyme 
purified through the gel fractionation step. Incubated for 20 








minutes. Assay: periodate method. 
System Relative activity* 

COMIN. 5c ose eka he ak eth aoesthanes 66.0 
Pe yINne DOUGE SWAIN. 2.655 5-6: SS 5 a 5.3 
MOCORUAUG CMRIGGEE «. .. 5.5.6 5.0 osivinn wae wre tate 3.2 
URN RIMINI 5c. aos oan Sve as ee 12.4 
CR PINON «5.5. < css she ee ee ee 42.7 
GOI, ssa de encnbeworsocncctae eee 4.4 








* Specific activity (corrected for self-absorption) of methylene- 
bis-methone formed by trapping radioactive formaldehyde with 
dimedone (2). 
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are lost are virtually identical. It should be noted that the 
conditions for measuring ascorbate disappearance necessarily 
involve small starting levels of ascorbate, so that ascorbate is 
partially rate-limiting. Therefore, although the reaction rate is 
a function of enzyme concentration under these conditions, the 
relationship is not linear. 

In addition, enzyme purified by the alcohol fractionation 
procedure has been subjected to ultracentrifugation in the 
moving-plate partition cell of Yphantis and Waugh (16, 17) and 
the sedimentation coefficients of the DOPamine- and phenyl- 
ethylamine-hydroxylating activities measured independently, 
with the periodate oxidation procedure as assay. The results 
shown in Table IV indicate that the two activities sediment at 
rates which are very similar if not identical. Because of the 
presence of impurities, including possibly traces of detergent (2), 
the absolute values obtained for the sedimentation coefficients 
are of less significance than the fact that the two activities sedi- 
ment at the same rate. 

Activity in Absence of Ascorbate—The rate of DOPamine hy- 
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Fic. 1. Correspondence of rates of denaturation at 56° of 
DOPamine-dependent and phenylethylamine-dependent ascor- 
bate-oxidizing enzymes. The reaction mixtures contained the 
following components (in wmoles): Potassium phosphate buffer, 
pH 6.4, 200; fumarate, 50; ascorbate, 0.6; substrate, 4; catalase; 
and 40 ug of ethanol-fractionated hydroxylating enzyme. The 
total volume was 0.68 ml, and the incubation was carried out 
for 20 minutes. @——®@, with DOPamine; O---—O, with pheny]l- 
ethylamine. 


TaBLe IV 
Ultracentrifugation of DOPamine- and phenylethylamine- 
hydroxylating enzymes 

Standard conditions as described in the text; assay by the 
periodate procedure. Centrifuged at 10.5° in a Spinco model E 
centrifuge equipped with RTIC temperature control unit, at 8.5 
X 10!° radians?-seconds. Sedimentation coefficients corrected to 
20° and to water as solvent. 





Sedimentation coefficient of 
} 





! 
‘ | 
Substrate hydroxylating activity | Recovery 
| | % 
DOPamine......... | 8.15 104 
Phenylethylamine . | 7.85 96 
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Fic. 2. Enzyme-dependent oxidation of DPNH in the presence 
of DOPamine (lower curve). Standard conditions as described in 
the text, with the addition of 0.14 umole of DPNH. Ascorbate, 6 
umoles in a volume of 0.05 ml, was added at the first arrow, and 
250 umoles of glucose with 380 units of glucose dehydrogenase 
(total volume, 0.3 ml) at the second arrow. If the ascorbate is 
added at zero time, no net decrease in the optical density occurs 
over a 60-minute period. Upper curve, DOPamine omitted. 


droxylation in the absence of ascorbate is quite slow (2). 
However, on prolonged incubation under these conditions, nor- 
epinephrine formation proceeds to an extent far exceeding 
that attributable to any possible contamination of the system 
with reducing agent. Assuming the enzyme still to be acting as 
a mixed function oxidase (18) when ascorbate is omitted, some 
other group must undergo oxidation during hydroxylation of the 
side chain. It has been suggested that the catechol grouping of 
another DOPamine molecule is the reductant involved (2). 
Experiments have now been performed which support this con- 
cept. 

Enzyme-dependent DPN H Oxidation in Presence of DOPamine— 
In the absence of ascorbate, the hydroxylating enzyme catalyzes 
a DOPamine-dependent oxidation of DPNH or of TPNH, as 
measured by a decrease in optical density at 340 my (Fig. 2), despite 
the fact that reduced pyridine nucleotides do not stimulate 
either the ascorbate-dependent or the ascorbate-independent 
hydroxylations of DOPamine (2). Moreover, as shown in Fig. 2, 
ascorbate blocks the enzyme-induced oxidation of DPNH, 
although ascorbate does not reduce DPN under these conditions. 
Return of the optical density to close to the original value after 
addition of glucose and a large excess of glucose dehydrogenase 
indicates that DPN is the major and probably the only end 
product of DPNH in this system. 

These observations are all consistent with a postulation that 
in the absence of ascorbic acid the catechol grouping of one DOP- 
amine molecule is oxidized to an orthoquinone during hydroxyla- 
tion of the side chain of another DOPamine molecule, an alter- 
nate form of mixed oxidation catalyzed by the enzyme. DPNH 
would readily react nonenzymatically with the quinone product 
(19), regenerating substrate DOPamine according to Equations 
2 and 3. 
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9 DOPamine + O2 _enzymatic re 
norepinephrine + ‘‘DOPamine-quinone”’ + H,O 

“DOPamine-quinone”’ + DPNH + H* > ™ 


DOPamine + DPN* 





norepinephrine + DPN*+ + H.O (4) 


It should be emphasized that the net reaction shown in 
fquation 4 is not an indication that pyridine nucleotides func- 
tion as cofactors in the hydroxylation reaction, but only that 
DPNH can reduce back substrate molecules which have partici- 
pated as electron donors in the hydroxylation of other substrate 
molecules. 

The inhibition of DPNH oxidation by ascorbate is probably 
due to the rapid preferential reduction of the postulated quinone 
by ascorbate. Alternatively, the enzyme-catalyzed oxidation of 
ascorbate may be so rapid as to preclude any participation of 
the catechol grouping as cofactor in side chain hydroxylation 
when ascorbate is present, so that under these conditions none 
of the DPNH-reactive quinone is formed. In either case, the 
stoichiometry of Equation 1 would be maintained. 

Phenylethylamine-dependent Oxidation of DPNH in Absence 
of Ascorbate—The availability of phenylethylamine as a substrate 
for the hydroxylase suggested a possible test of the hypothesis 
that DOPamine hydroxylation in the absence of ascorbate is due 
to participation of the catechol grouping as the reducing agent. 
The hydroxylation of phenylethylamine seems to be identical in 
its essentials to that of DOPamine except that, as mentioned 
above, the former appears to be completely dependent on the 
presence of ascorbate (Table III). Moreover, the enzyme does 
not catalyze an oxidation of DPNH with phenylethylamine 
alone as substrate. However, in the presence of phenylethyla- 
mine, the addition of pyrocatechol leads to a significant en- 
zyme-dependent oxidation of DPNH which, like the DPNH 
oxidation in the presence of DOPamine, is completely pre- 
vented by ascorbate. Pyrocatechol alone leads to only a slight 
enzyme-dependent oxidation of DPNH. The reaction with 
phenylethylamine and pyrocatechol may be formulated analo- 
gously to Equations 2 and 3. 


Phenylethylamine + pyrocatechol + O2— 





phenylethanolamine + o-benzoquinone + H.O 5) 

o-Benzoquinone + DPNH + H+ > (6) 
pyrocatechol + DPN* + H.0O 

Phenylethylamine + O2 + DPNH + H* — (7) 


phenylethanolamine + DPN* + H,0O 


Chemically or enzymatically prepared o-benzoquinone is 
known to react nonenzymatically with DPNH at pH 6.5, re- 
forming pyrocatechol according to Equation 6 (19). Evidence 
for Equation 5 has been obtained by the use of the periodate 
oxidation method to determine radioactive phenylethanolamine 
(Table V). As predicted, pyrocatechol was able to substitute 
weakly for ascorbate in supporting side chain hydroxylation of 
phenylethylamine, just as the catechol grouping of DOPamine 
seems to function as cosubstrate for norepinephrine formation 
in the absence of ascorbate. The reaction with pyrocatechol as 
reductant, like that with ascorbate (Table III), is markedly 
stimulated by fumarate. 

Spectral Changes in Absence of Ascorbate—It might be ex- 
pected that if enzyme-catalyzed quinone formation occurs in 
the absence of ascorbate and DPNH, this reaction should be 
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TABLE V 
Activity of pyrocatechol in place of ascorbate 
Standard assay conditions with phenylethylamine as substrate 
as described in the text, except that ascorbate was replaced by the 


reducing agent indicated, and 280 ug of alcohol-fractionated en- 
zyme were used. 














Reducing agent added Amount Relative activity* 
umoles 
doco tere 3 ee 0.5 
| SA eee me -e 0.5 0.5 
PYEGQRUOCNEL «os... eccccsccisee ee 0.2 9.6 
PPYDOERGOOMOD « o5o6.05 0.038 oaen 10 23.6 
TR orcs oie staircases drten 6 203 .0 





* Periodate method, corrected for a blank containing boiled 
enzyme. 


accompanied by spectral changes. On incubation of DOPamine 
with the enzyme, a slow increase in the optical density occurs 
which is most apparent around 300 to 320 my, and this increase 
can be prevented or partially reversed if DPNH is added, along 
with glucose and glucose dehydrogenase to maintain DPN in 
the reduced form.. Better evidence for quinone formation was 
obtained with phenylethylamine and pyrocatechol as substrates. 
Under these conditions, the enzyme also catalyzes an increase in 
optical density at 300 my, corresponding to that seen with DOP- 
amine. This increase is consistent with a conversion of pyro- 
catechol to o-benzoquinone (20). However, if fumarate is added 
to the mixture, the changes are far more striking. Under these 
conditions, a bright red color appears which is not seen if boiled 
enzyme is substituted for the native enzyme or if phenylethyl- 
amine is omitted. If the reaction is carried out at room tempera- 
ture (24°) instead of at 35°, the color forms more slowly, and is 
yellow rather than red. Fig. 3 shows the enzyme-dependent 
spectral changes under the latter conditions, and their reversal 
when ascorbate is added to the reaction vessels. For compari- 
son, Fig. 3 also shows the spectral changes occurring in a buffered 
solution of pyrocatechol when water-saturated oxygen is bubbled 
through the solution, water-saturated nitrogen being simul- 
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Fic. 3. Spectral changes with pyrocatechol solutions. A, en- 
zyme-dependent spectral changes in the presence of phenylethyl- 
amine and fumarate; B, changes occurring when oxygen is bubbled 
through the solution. In A, the cuvette initially contained the 
standard reaction mixture with fumarate, 50 wmoles, and pyro- 
catechol, 10 uzmoles. The curves in B were obtained by measuring 
the spectra of 1 ml aliquots of a mixture containing pyrocatechol, 
10 wmoles per ml, and potassium phosphate buffer, pH 6.4, 200 
unmoles per ml, through which water-saturated oxygen was being 
bubbled, against a blank containing aliquots of a similar mixture 
through which water-saturated nitrogen was being bubbled. As- 
corbate, 6 umoles in 0.05 ml, was added after 8 minutes in A and 24 
minutes in B. 
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Fic. 4. Effect of catechol group concentration on magnitude of 
fumarate effect on DPNH oxidation in the presence of DOPamine. 
In A, the standard assay conditions with no fumarate (upper 
curve) and with 50 umoles of fumarate added (lower curve). In B, 
the same conditions with 10 umoles of pyrocatechol, with no fuma- 
rate (wpper curve) and with 50 umoles of fumarate (lower curve). 


taneously bubbled through the control vessel. In these circum- 
stances, when pyrocatechol is presumably undergoing oxidation 
initially to the o-benzoquinone, a yellow color appears as it does 
in the enzymatic reaction mixture, and the spectral changes are 
very similar to those in the enzymatic experiment: an increase in 
absorption through the range 320 to 500 muy, with a peak at 
around 400 my, and a subsequent decrease in this peak, not 
shown in Fig. 3. As expected, DPNH blocks the enzymatically 
catalyzed increase in optical density at 400 muy. 

The spectral changes observed in the presence of pyrocatechol, 
enzyme, phenylethylamine, and fumarate, as shown in Fig. 3, 
are virtually identical to those reported by Mason for the oxida- 
tion of pyrocatechol to o-benzoquinone as catalyzed by tyrosinase 
at pH 5.4; and the subsequent decrease in absorption at 400 
my corresponds to that observed to occur on prolonged incuba- 
tion of o-benzoquinone at this pH (20). The absorption maxi- 
mum of o-benzoquinone is located at about 390 my at pH 6.5 
(19), as well as at pH 5.4 (20). 

The evidence that phenylethylamine can stimulate oxidation 
of pyrocatechol to o-benzoquinone is consistent with the observed 
partial substitution of the catechol grouping for ascorbate in 
phenylethylamine hydroxylation (Table V). Phenylethanol- 
amine does not replace phenylethylamine as a requirement for 
the enzyme-catalyzed spectral changes with pyrocatechol,‘ nor 
does it stimulate the very small oxidation of DPNH which occurs 
in the presence of pyrocatechol alone. Likewise, no enzyme- 
catalyzed increase in optical density at 300 mu, occurs if norepi- 
nephrine is used in place of DOPamine, and no enzyme-dependent 
DPNH oxidation can be demonstrated. These findingsstrengthen 
the association between side chain hydroxylation and catechol 
oxidation in the absence of ascorbate. 

Dependency of Fumarate Stimulation on Reducing Agent Con- 
centration—The enzyme-catalyzed spectral changes with DOP- 
amine as substrate and the related enzyme- and DOPamine- 
dependent DPNH oxidation both are stimulated to only a small 
extent by fumarate under the conditions described. In contrast, 
the spectral changes of pyrocatechol in the presence of phenyl- 
ethylamine are very markedly increased by fumarate. This 
apparent discrepancy has been found to be due to the difference 
in the amount of reducing agent present in the two experiments. 


4A very small increase in optical density at 400 my occurs on 
incubation of enzyme with pyrocatechol alone. 
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If 10 umoles of pyrocatechol are added to a reaction mixtuy 
containing enzyme and 4 uwmoles of DOPamine, thus increasing 
the concentration of the reducing group without altering the 
concentration of substrate available for hydroxylation, then the | 
rate of DPNH oxidation may be markedly stimulated by fumg. | 
rate (Fig. 4). Similarly, little or no stimulation by fumarate 
can be demonstrated when norepinephrine formation is measured 
in the absence of ascorbate, despite the invariable marked 
stimulation of the hydroxylation when ascorbate is participating 
as the reducing agent. The possible significance of this obseryg. | 
tion to the mechanism of the enzymatic hydroxylation is under 
investigation. 


DISCUSSION 


Phenylethylamine, like DOPamine, is hydroxylated in the g | 
position by an enzyme preparation obtained from bovine adrenal 
medulla. Parallelism of the cofactor requirements for the two | 
reactions and of some physical properties of the catalyst makes | 
it very probable that the same enzyme catalyzes both DOPamine 
and phenylethylamine hydroxylation. Therefore, if the mecha. | 
nism of the reaction with phenylethylamine is the same as that | 
with DOPamine, quinones cannot be obligatory intermediates | 
in the conversion of DOPamine to norepinephrine (13). How- 
ever, evidence has been presented that during the slow hydroxyla- 
tion of DOPamine in the absence of ascorbate, the catechol 
group functions to some extent as the reducing cosubstrate, so 
that the enzyme is still acting as a mixed function oxidase, and 
a quinone byproduct is formed. Reduction of this quinone by 
ascorbate may occur, but is not the primary role of ascorbate in 
the hydroxylation reaction, because ascorbate is a much more | 
active cofactor for hydroxylation than the catechol grouping, 
and participates in the rapid hydroxylation of phenylethylamine 
when no catechol group is added. The concept of the oxidation 
of catechol to quinone during hydroxylation of the side chain 
in the absence of ascorbate provides a unitary explanation for 
three otherwise puzzling observations: slow hydroxylation of 
DOPamine in the absence of ascorbate; the spectral changes 
occurring on incubation of DOPamine with the enzyme; and the 
DOPamine-dependent, ascorbate-blocked oxidation of reduced 
pyridine nucleotides under conditions in which these substances 
do not substitute for ascorbate. 

Previous observations that DOPamine hydroxylation is | 
stimulated by ATP (2-4) were difficult to reconcile with the | 
presumed exergonic nature of this oxidative reaction.’ The | 
demonstration that catalase replaces both the ATP and glucose 
dehydrogenase, and that the catalase acts to protect the adrenal 
enzyme from denaturation indicates that these factors are not 
directly involved in the hydroxylation process. Hence, the 
DOPamine-hydroxylating system is now known to conform in 
its general aspects to other mixed function hydroxylases (18). 
Unique features of the adrenal enzyme are the utilization of 
ascorbate as the electron donor coupled to hydroxylation, and 


the still unexplained requirement for one of a group of dicarboxylic 


acids related to fumarate. 

The evidence that the adrenal medulla hydroxylating enzyme 
produces predominantly the naturally occurring L form of norepi- 
nephrine suggests strongly that this enzyme is of physiological 


5 In the presence of glucose dehydrogenase, ethylenediamine- 
tetraacetate (1 um) partially replaced ATP, suggesting that ATP 
functions as a chelating agent rather than as a donor of high energy 
phosphate bonds in this system. 
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significance in the biosynthesis of norepinephrine. However, the 
probability that tyramine also can be hydroxylated by the prepa- 
ration (21) reopens the possibility that other routes of norepi- 
nephrine formation exist, especially since p-hydroxyphenyl- 
ethanolamine (octopamine) has recently been detected in the 
tissue and urine of normal mammals treated with monoamine 
oxidase inhibitors (22). The physiological significance of 
enzymatic phenylethylamine hydroxylation is questionable, but 
this surprising lack of substrate specificity may be of importance 
in studies of the biochemical mechanism of the reaction. Not 
only does it permit exclusion of certain theoretically possible 
intermediates, but it can serve as a tool for studying interactions 
between the reducing agent and the side chain in the absence of 
secondary effects due to the catechol grouping. 


SUMMARY 


1. Crystalline beef liver catalase replaces adenosine tri- 
phosphate and glucose dehydrogenase in stimulating beef adrenal 
3,4-dihydroxyphenylethylamine hydroxylating enzyme. This 
stimulation is due to a protection of the enzyme by catalase and 
is not directly related to the enzymatic hydroxylation mechanism. 

2. With 3,4-dihydroxyphenylethylamine as substrate, the 
enzymatic product is predominantly the t or biologically more 
active form of norepinephrine. 

3. The extracted, partially purified enzyme, further fraction- 
ated with cold ethanol, also catalyzes the hydroxylation of B- 
phenylethylamine to 6-phenylethanolamine. Quinones may 
therefore be excluded as obligatory intermediates in enzymatic 
hydroxylation of the 8-position. 

4, Although enzymatic 3,4-dihydroxyphenylethylamine hy- 
droxylation is linked to a stoichiometrically equivalent oxidation 
of added ascorbic acid, participation of the catechol grouping as 
a substitute reducing agent can allow slow hydroxylation of 
3,4-dihydroxyphenylethylamine to proceed even in the absence 
of ascorbate. 


Acknowledgments—The authors express appreciation to Dr. 
George Hertig for the bioassay experiments and to Dr. Werner 


E. Y. Levin and S. Kaufman 


2049 


Klee for the ultracentrifugations. The excellent technical 
assistance of Miss Rochelle Rothenberg is gratefully acknowl- 
edged. 


REFERENCES 


1. Kirsuner, N., J. Biol. Chem., 226, 821 (1957). 
2. Levin, E. Y., LEvENBERG, B., ano KaurMan, 8., J. Biol. 
Chem., 235, 2080 (1960). 

3. Neri, R., Hayano, M., Stonge, D., Dorrman, R. I., anp 
ELMADJIAN, F., Arch. Biochem. Biophys., 60, 297. (1956). 

. KirsHner, N., Federation Proc., 18, 261 (1959). 

. Association of Vitamin Chemists, Inc., Methods of vitamin 
assay, Interscience Publishers, Inc., New York, 1951, p. 71. 

. Bremner, J. M., anp KEntTEN, R. H., Biochem. J., 49, 651 
(1951). 


o> 


oa 


7. KousHorn, E., B. Deut. Chem. Ges. 37, 2474 (1904). 

8. Busu, I. E., Biochem. J., 50, 370 (1952). 

9. Kaurman, S., J. Biol. Chem., 234, 2677 (1959). 

10. Smitu, W. J., AND KirsHNER, N., Federation Proc., 19, 296 
(1960). 

11. Smita, W. J., anpD Kirsuner, N., J. Biol. Chem., 235, 3589 
(1960). 


12. Lupugena, F. P., ANANENKO, E., Sreagmunp, O. H., anp MIL- 
LER, L. C., J. Pharmacol. Exptl. Therap., 95, 155 (1949). 

13. Senou, S., WirKop, B., CREVELING, C. R., AND UDENFRIEND, 
S., Fourth international congress of biochemistry, Vienna, 
Vol. 13, Pergamon Press, New York, 1958, p. 176. 

14. Nasu, T., Biochem. J., 55, 416 (1953). 

15. Jackson, E. L., in R. Apams (Editor-in-chief), Organic reac- 
tions, Vol. 2, John Wiley and Sons, Inc., New York, 1944, 
p. 341. 

16. Ypuantis, D. A., anD Wauau, D. F., J. Phys. Chem., 60, 623 
(1956). 

17. Ypuantis, D. A., AnD Waveau, D. F., J. Phys. Chem., 60, 630 
(1956). 

18. Mason, H. 8., Advances in enzymology, Vol. 19, Interscience 
Publishers, Inc., New York, 1957, p. 79. 

19. Wositait, W. D., Nason, A., AND TERRELL, A. J., J. Biol. 
Chem. 206, 271 (1954). 

20. Mason, H.S., J. Biol. Chem., 181, 803 (1949). 

21. Pisano, J. J., CREVELING, C. R., anp UDENFRIEND, S., Bio- 
chim. et Biophys. Acta, 48, 566 (1960). 

22. KaximoTo, Y., AND ARMSTRONG, M. D., Federation Proc., 19, 
295 (1960). 








Tue JoURNAL oF BIioLoGicaL CHEMISTRY 
Vol. 236, No. 7, July 1961 
Printed in U.S.A. 


Kinetic Studies of the Phosphorolysis of Polyadenylic Acid* 
DaniEL D. HENDLEYf AND Rouanp F. Besrs, Jr.{ 
From the R. W. Johnson Laboratory, Children’s Hospital, Inc., Baltimore 11, Maryland 


(Received for publication, February 13, 1961) 


A preparation of polynucleotide phosphorylase from Micro- 
coccus lysodeikticus that reversibly catalyzes the formation of 
long chain polynucleotides from nucleoside 5’-diphosphates has 
been described previously (2). The general features of the re- 
action appear similar to those reported earlier by Grunberg- 
Manago et al. (3, 4), who used preparations from Azotobacter 
vinelandii. The over-all reaction for ADP can be expressed as: 


ADP + (AMP), = Pi + (AMP)a41 (1) 


in which (AMP), represents a polymer chain composed of n 
adenosine units linked by 3’—5’ phosphodiester bridges as in 
ribonucleic acid. The influence of a number of factors on the 
rate of synthesis of polyadenylic acid by the Micrococcus enzyme 
has already been reported (5). The kinetics of the polymeriza- 
tion reaction, however, appears to be complicated by the pres- 
ence of primer in the ADP preparations (6) and possibly by the 
synthesis of new polyadenylic acid chains (7), making it im- 
possible to control the concentration of polymer. Attention was 
therefore turned to the reverse reaction, the phosphorolysis of 
polyadenylic acid, which should be uncomplicated by primer 
considerations. The influence on initial rates of substrate con- 
centration, magnesium concentration, ionic strength, and tem- 
perature is described in the present paper. 


EXPERIMENTAL PROCEDURE 


Enzyme—The preparation used for most of these studies 
(enzyme 125) was isolated as follows: 120 g of acetone-dried cells 
of M. lysodeikticus were lysed with lysozyme as previously de- 
scribed (5) except that the lysis was allowed to proceed about 
40% longer than the time required for gel formation, to increase 
the yield of enzyme. The fraction precipitating at about 4° 
between 30 and 50% saturation with ammonium sulfate, pH 
7.0 to 7.5, and containing about 1.8 g of protein, was dialyzed 
against 0.02 m Tris, pH 7.5. To the 74 ml of dialyzed solution 
were added 1.4 ml of saturated ammonium sulfate followed by 
acetone at —5 to —10°. The material precipitating between 
70 and 87 ml of added acetone contained the bulk of the activity 
and was made up with water, ammonium sulfate, Tris, and 
potassium citrate to a final volume of 35 ml containing 1% satu- 


* This work was supported by United States Public Health 
Service Grant C-3293, National Cancer Institute, by the Louise 
C. Bowles Research Fund, and by a grant from Miles Laboratories, 
Elkhart, Indiana. A brief report of part of this work has been 
presented previously (1). 
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rated ammonium sulfate, 0.05 m Tris (pH 7.5), and 0.01 m potas. 
sium citrate. The temperature was lowered to 0° and the pH 
brought to 4.6 for 5 minutes by the addition of 0.5 M acetate 
buffer, pH 3.9. After centrifugation, the supernatant was re. 
adjusted to pH 7.5 and the enzyme precipitated from the super. 
natant by 60% saturation with ammonium sulfate. The enzyme 
was stored as a suspension in 60% saturated ammonium sulfate 
at —15° because solutions at this stage of purification proved 
to be rather unstable. A summary of the fractionation is shown 
in Table I. The addition of ammonium sulfate in the acetone 
and acid precipitation steps was found to sharpen the separations, 

The calculated maximal velocity (Vmaxr)! of phosphorolysis 
with enzyme 125 (pH 4.6 supernatant) at increasing polyadenylic 
acid concentration was 0.52 umole of ADP released per minute 
per mg of protein at 0.008 m K:HPO,, 0.002 m MgCl, 0.2 | 
KCl, pH 8.5, 37°. The Vmax for ADP in the polymerization 
reaction was 3.0 umoles of P; released per minute per mg of 
protein at 0.2 m KCl, pH 9.0, 37°, and at optimal MgCl, con- 
centration (between 4 and 8 xX 10“ Mm) determined for each 
ADP concentration. 

It should be noted that the ADP preparations used for these 
polymerization measurements have since been found to contain 
other components which activate the reaction (6). The addi- 
tion of polyadenylic acid to the reaction mixture causes a rate 
stimulation of only 20 to 25% at optimal ionic strength. With 
more purified preparations of ADP, however, the rate of poly- 
merization is reduced several fold, particularly at low ADP 
levels, and polyadenylic acid causes a very marked rate stimu- 
lation. 

Higher specific activities could be achieved by additional frac- 
tionation with protamine sulfate at controlled ionic strength, 
but none of these purer fractions was used in the present work. 
Further attempts at purification by a variety of methods fre- 
quently resulted in large losses of activity. Efforts to restore 
activity by reconstitution of fractions or addition of polyadenylic 
acid to restore possible lost primer (8) were unsuccessful. 

The 280 myu:260 my absorption ratio for enzyme 125 was 
1.58, suggesting a nucleotide content of about 0.4% based on 
the absorptions of yeast nucleic acid and purified enolase (9). 

With enzyme 125, the rate of appearance of acid-soluble nu- 
cleotides from polyadenylic acid, in the absence of added phos- 
phate, was not more than 3% of the rate in the presence of phos- 
phate even at the lowest phosphate concentrations used in these 


1 To distinguish between the apparent Michaelis constant, Kn, 
and maximal velocity, Vmax obtained when either polyadenylic 
acid or phosphate is the variable substrate, the subscripts R and 
P are used, yielding Anr and Vmaxr (polyadenylic acid varied), 
and K»p and Vmax p (phosphate varied). EDTA, ethylenedia- 
minetetraacetate. 
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TABLE I 
Fractionation of enzyme 125 
Polymerization assay conditions were: ADP, 8 X 10‘ m; MgCla, 
8X 10-* mM; KCl, 0.2 m; Tris-HCl buffer, pH 9.5,0.1 m. Tempera- 
ture, 37°. 








Fraction Total activity |Specific activity 
moles P/min warn ow 
(NH,)2SO. precipitate (80-50% satu- 

SEI Cat eee te d= eee te 310 0.17 
Acetone precipitate (48-54%)......... 250 0.71 
Supernatant, pl 46.................- 180 1.06 
Prowammme fraction® .........66...scece. (2.3) 











* The protamine fraction is from another enzyme preparation 
fractionated similarly but with an additional protamine precipi- 
tation step. 


studies. This would indicate that there was little diesterase or 
nuclease activity towards polyadenylic acid. At very high con- 
centrations of enzyme, however, a slight diesterase activity 
yielding 5’-AMP but no detectable oligonucleotides could be 
demonstrated. Traces of phosphatase activity towards ATP, 
ADP, or both, could also be detected. All preparations were 
contaminated with adenylate kinase which interfered with equi- 
librium studies but actually facilitated measurement of initial 
rates by decreasing the back reaction. 

Polyadenylic Acid—The polyadenylic acid preparations were 
synthesized from ADP with M. lysodeikticus enzyme prepara- 
tions and precipitated from the reaction mixture by the addition 
of KCl. Protein was removed by shaking with CHCl; for 1 
hour (10) and the solution dialyzed against distilled water. 
These preparations could be 90 to 100% phosphorolyzed by the 
enzyme to acid-soluble products, suggesting a negligible propor- 
tion of C-3’ phosphate-ended chains which have been shown (11) 
to be resistant to Azotobacter phosphorylase, at least in the case 
of low molecular weight oligonucleotides. 

The weight average molecular weights of the preparations 
used in this study were not measured; however, preparations 
made similarly have shown a variation in weight average molecu- 
lar weight determined by sedimentation of from 1 to 4 x 10°, 
indicating chain lengths of several thousand units for the bulk 
of the polymer (12). All polyadenylic acid concentrations in- 
dicated in this paper have been expressed in terms of monomer 
units, and no quantitative comparison of results obtained with 
different preparations has been attempted. 

Assays—Phosphorolysis of polyadenylic acid was measured 
by the formation of acid-soluble material reacting with orcinol 
or showing absorption at 260 mu. Because of the absence of 
nucleases and the high molecular weight of the polymer, the 
only charcoal-absorbable components chromatographically de- 
tectable in the acid-soluble fraction during phosphorolysis were 
ADP plus AMP and ATP formed by the action of adenylate 
kinase. 

In a typical assay, 0.3 ml each of 0.01 m MgCl, 1.0 m KCl, 
0.5 m Tris (pH 8.5), 0.1 m K,HPO,, 0.04% polyadenylic acid, 
and enzyme, in a final volume of 2.2 ml, were incubated at 37°. 
At appropriate times, 1.0 ml aliquots were added to 0.5 ml of 
5% perchloric acid. After standing 10 to 20 minutes at room 
temperature to complete the precipitation of polyadenylic acid, 
the mixtures were centrifuged and the supernatants assayed for 
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nucleotide either by an orcinol method (13) or by absorption 
at 260 mu. 

A small but variable amount of polynucleotide remains in the 
supernatant after precipitation of polyadenylic acid with per- 
chloric acid. This blank can be reduced by the prior addition 
of protein. With cruder enzyme preparations, there is sufficient 
protein already in the reaction mixture, but with enzyme 125 it 
was found advisable to add 100 to 200 ug of casein, recently 
precipitated with acid. This amount is insufficient to carry 
down a significant proportion of ADP. 

Protein was assayed by the Lowry procedure (14) with serum 
albumin as standard. Polymerization assays were carried out 
as previously described (5). Unless otherwise indicated, all rate 
measurements were made at 37°. 

As it was desired to measure rates as a function of only one 
variable at a time, the complex formation of Mg with polyadenylic 
acid and phosphate sometimes necessitated the use of a method 
to stabilize the concentration of Mg. ‘Metal buffers” (15) of 
MgCl, and potassium citrate proved useful for the purpose. 
The values given in this paper for the (Mg++) in equilibrium 
with these buffers are based on a dissociation constant for 
(MgCit-) of 6.3 x 10- at 37° and at an ionic strength of 0.15 
M. The absolute (Mg++) given by these buffers at 37° and other 
ionic strengths is not known. However, the dissociation con- 
stant of (SrCit-"), which may be taken as a model, increases 
about 5-fold on increasing the ionic strength from 0.02 to 0.16, 
whereas temperature, in this range, has little effect (16). 


RESULTS 


Time Course—Fig. 1 represents the release of ADP from poly- 
adenylic acid as a function of time and is typical of the results 
obtained with a number of different polyadenylic acid prepara- 
tions. The conditions were a high phosphate concentration and 
an initial polyadenylic acid concentration of about one-half of 
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Fig. 1. Time course of phosphorolysis. Incubation mixture 
contained: polyadenylic acid 101, 9.1 X 10-' m; K2-HPO,, 0.008 m; 
‘Mg buffer’ containing potassium citrate, 0.03 m, and MgCl, 
0.0173 m, calculated to give a free (Mgt) of 8 X 10-* m; KCI, 
0.038 m; Tris-HCl buffer, pH 8.5, 0.075 m; enzyme 125, 0.43 mg of 
protein, in a final volume of 16.0 ml. Aliquots taken at indicated 
times. 
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that required to reach one-half of the maximal velocity. It may 
be noted that despite the low polyadenylic acid concentration, 
the initial rate is substantially maintained over a considerable 
proportion of the reaction, thus facilitating measurements of 
initial rates with single point determinations. One enzyme 
preparation was found to give a time course curve with an un- 
explained lag in rate at the onset of phosphorolysis. This prep- 
aration was not used in the present work. 

Rate versus Enzyme—Fig. 2 demonstrates that the initial rate 
of phosphorolysis is proportional to enzyme concentration over a 
range of enzyme to polymer ratios which includes all used in the 
present work. This should exclude the possibility that a sig- 
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Fig. 2. Rate of phosphorolysis versus enzyme concentration. 

Each tube contained: polyadenylic acid 101, 8.3 X 10-5 m; Kz: 

HPO,, 0.014 m; MgClo, 0.0014 m; KCl, 0.08 m; Tris-HCl buffer, pH 
8.5, 0.068 mM; enzyme 125, as shown, in a final volume of 2.2 ml. 
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Fig. 3. Rate of phosphorolysis versus MgCle. Curve 1, Each 
tube contained, in addition to MgCl.: polyadenylic acid 101, 1.8 
X 10-* m; K:HPO,, 0.0075 m; KCl, 0.075 m; Tris-HCl buffer, pH 
8.0, 0.075 mM; and enzyme 125, 51 ug of protein, in a final volume of 
2.0 ml. Arrow, tube containing in addition 2.5 X 10°‘ m EDTA. 
Curve 2, as Curve 1 but containing more polyadenylic acid (7.3 X 
10-*m). Curve 3, as Curve 1, but containing pH 9.0 buffer. 


Phosphorolysis of Polyadenylic Acid 


Vol. 236, No.7 





= 
he * 
bA 


0.9 
in 
. 


5 
[a “ss MIN] x 10 
> 
ff 
° 








oO 
q 





0 0.2 0.4 
IONIC STRENGTH 

Fic. 4. Rate of phosphorolysis versus ionic strength. Ionic 
strength was varied with KCl. In Curve 1, each tube contained, 
in addition to KCl: polyadenylic acid 101, 1.7 X 10-4 m; K.HPO,, 
0.0041 m; MgClo, 0.0036 m; Tris-HCl buffer, pH 8.5, 0.014 m; and 
enzyme 125, 28 ug of protein, in a final volume of 2.2 ml. Curve 2, 
as Curve 1, but tubes contained only 3.6 X 10-4 mM MgCle. 


nificant proportion of the polyadenylic acid is bound as an ep- 
zyme complex even at the highest enzyme to polyadenylic acid 
ratios, a possibility which must be considered in view of the very 
high weight average molecular weight of the polymer. 

Magnesium Activation—Fig. 3 shows the dependence of phos- 
phorolysis on the addition of MgCl, to the reaction mixture and 
the effect of varying pH and polymer concentration. The rate 
drops essentially to zero in the presence of EDTA, demonstrating 
the absolute requirement for polyvalent metal ions. The re- 
quirement for additional MgCl, for optimal activity at higher 
polyadenylic acid concentration reflects the rather tight binding 
of Mg++ along the polymer chain. An apparent dissociation 
constant of 1.3 x 10-4 at 0.1 ionic strength and 25° has been 
measured? for the magnesium-polyadenylic acid complex (poly- 
adenylic acid concentration expressed as monomer units). It is 
not known whether Mg++ binding with polyadenylic acid is 
essential for activity, but it is clear from the dissociation con- 
stant that at optimal Mg++ concentration most of the nucleotide 
units will form complexes, greatly reducing the charge on the 
polymer. The MgCl, inhibition observed at higher pH has also 
been noted for the polymerization reaction (5) and probably is 
the result of altered Mg++ binding on the enzyme or on an en- 
zyme complex, inasmuch as the different ionic species of the 
substrates themselves do not undergo much change in this pH 
range. 

It may also be inferred from Fig. 3 that the optimal pH for 
phosphorolysis changes with MgCl. concentration. At the 
MgCl, concentration used for most of this work (8 to 15 x 10¢ 
M), the optimum lies near pH 8.5. 

Salt Activation—Fig. 4 presents the variation in initial rates 
of phosphorolysis with KCl concentration at two different mag- 
nesium concentrations. As in the case of the polymerization 
reaction (5), the effect of KCl appears to be largely one of ionic 
strength rather than a specific K+ or Cl- effect. Other salts 
will also activate at lower concentration and inhibit at higher 
concentration more or less in proportion to their ionic strength, 
although to different degrees. If the ionic strength of the buffer 
and MgCl, in the reaction mixture is taken into account (the 
ionic strength contribution of the polymer itself being ignored), 


2R. F. Steiner, personal communication. 
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TABLE II 
Rate of phosphorolysis versus substrate concentration 

Data from one experiment. Each tube contained, in addition 
to the indicated concentrations of polyadenylic acid and phos- 
phate: ‘Mg buffer” containing MgCl:, 0.0173 m, and potassium 
citrate, 0.03 M, calculated to give a free (Mg*t+) of 8 X 10-4 M; 
KCl varied to yield a total ionic strength of 0.2; Tris-HCl buffer, 
pH 8.5, 0.075 m; and enzyme 125, 29 ug of protein, in a final volume 
of 2.0 ml. At the end of the incubation period, 0.2 ml of 0.1% 
casein and 0.8 ml of 5% perchloric acid were added. Rates are 
expressed as change in O. D. at 260 mu per 10 minutes corrected 
for appropriate blanks. 

















KsHPO. Polyadenylic acid (as monomer units) w x /(* 
MX 108 
0.46 0.91 1.82 3.64 | 7.30 

8.0 0.140 | 0.192 | 0.282 | 0.378 | 0.478 
3.2 0.120 0.175 0.248 0.311 | 0.368 
1.6 0.104 0.148 0.194 0.242 | 0.279 
0.8 0.081 0.110 0.140 0.178 | 0.199 
0.4 0.058 0.083 0.101 0.127 | 0.154 
0.0 0.001 | 0.004 














the rate of phosphorolysis extrapolates close to zero at zero ionic 
strength. The fact that increasing the MgCl. concentration 
does not reverse the inhibition at high ionic strength suggests 
that salt inhibition is not the result of dissociation of Mg++ from 
its catalytically active site. 

Rate versus Substrate Concentration—The dependence of initial 
rates on the concentrations of polymer and phosphate is shown 
in data from a single experiment given in Table II. The phos- 
phate and polymer concentrations were varied over a 16- to 
20-fold range whereas the ionic strength and Mg**+ concentration 
were held constant by the addition of KCl and magnesium- 
citrate buffer. Phosphorolysis was allowed to proceed for varying 
periods up to 40% of completion. In every case, the reac- 
tion was stopped before the ADP:P; ratio exceeded 0.06. Sep- 
arate determinations of the time course of the reaction under 
these coriditions showed that, even at the lowest polyadenylic 
acid and phosphate concentrations used, a single rate measure- 
ment at 40% of complete reaction would approach the initial 
rate within about 5%. 

Without added phosphate there is only a very slow appearance 
of acid-soluble, 260 mu-absorbing material and no rate correction 
was applied. A separate experiment demonstrated that there 
was no effect of phosphate concentration on the 260-my ab- 
sorption of the blanks. 

In Figs. 5 and 6, the data of Table II are plotted on the co- 
ordinates v versus v/(S), a method (17) which gives equal weight 
to rates above and below the Vmax value. If Michaelis-Menton 


kinetics are followed, the points should fit linear curves with 
the ordinate intercept equal to Vmax and the slope equal to —Kn. 

It is readily apparent that the curves deviate from linearity 
at low substrate concentrations when either polyadenylic acid 
or phosphate is taken as the variable substrate. It should be 
noted that the v versus v/(S) plot has the disadvantage of mag- 
nifying errors in rate measurements, especially at low substrate 
concentrations, because velocity appears in both ordinate and 
abscissa. The observed deviations from linearity, however 
definitely exceed known experimental error in the rate deter- 
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minations. A repeat of part of this experiment at 0.002 m 
MgCl, without citrate, and assaying with the orcinol reagent 
instead of by absorption at 260 mu to reduce the size of the 
blanks, yielded similar curvilinear plots. 
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Fig. 5. Plot of data in Table II.  X, normalized data from an- 


other experiment. Figures next to curves represent the concen- 
tration of Pj in m X 103. 
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TaBLe III 
Variation of Km for polyadenylic acid with (Mg**) 

Each tube contained: polyadenylic acid 101, 9 to 50 X 10-5 M; 
K2HPO,, 4.5 X 10-3 m; ‘“Mg buffer’’ containing 0.03 m potassium 
citrate and MgCl. calculated to give the indicated concentrations 
of free Mg**; Tris-HCl buffer, pH 8.5, 0.075 m; and enzyme 123, 
53 wg of protein, in a final volume of 2.0 ml. 











Mg** KmR | Vmax (relative) 
ue X 108 x 108 | 
0.5 3.1 3.0 
2.0 12.0 | 8.6 
8.0 18.6 | 13.3 
TaBLeE IV 


Variation of Km for polyadenylic acid with KCl 
Each tube contained: polyadenylic acid 90, 5 to 20 X 10-5 m; 
K2HPO,, 0.025 m; Tris-HCl buffer, pH 8.5, 0.017 m; KCl as indi- 
cated; MgCle, 1.7 X 10-* m; and enzyme 104, in a final volume of 
3.6 ml. 








(KCl) Kmr Vmax (relative) 
M x 108 

0.021 26 106 

0.042 9.0 103 

0.083 4.2 100 

0.35 5.3* 100* 

0.45 » Ce eg 96* 











* Normalized values from another experiment. 


TABLE V 
Variation of Km for phosphate with ionic strength 
Each tube contained: polyadenylic acid 101, 1.8 X 10-4 m; 
K,HPO,, 0.8 to 8 X 107? m; MgCl, 1 X 10-3 m; KCl to give ionic 
strengths as shown at each phosphate concentration; Tris-HCl 
buffer, 0.015 m; and enzyme 125-S, 24 ug of protein, in a final vol- 
ume of 2.0 ml. 








Ionic strength Kmp Vmax (relative) 
xX 104 
0.031 6.0 92 
0.056 5.8 117 
0.186 6.8 304 











Earlier experiments had indicated that phosphorolysis ap- 
proximated Michaelis-Menton kinetics, and a number of meas- 
urements were made to determine the effect of KCl and MgCl. 
on K, and Vmax. The deviation at lower substrate concentra- 
tions was not detected inasmuch as substrate concentrations 
much below the K,, value were avoided and because the data 
were plotted on the coordinates (S)/v versus (S) which heavily 
weights rates at higher substrate concentrations. The resulting 
K,, and Vmax Values are equivalent to those calculated from the 
upper portions of the curves in Figs. 5 and 6 and correspond 
closely to what appears to be the maximal velocity (if we accept 
a linear extrapolation as valid) and the apparent Michaelis- 
Menton constant, K,,, equal to the substrate concentration at 
one-half the maximal velocity. These data are summarized in 
Tables III, IV, and V. 


3 It should be noted that because polyadenylic acid concentra- 
tions have been expressed only as monomer units, the Knr values 
have a relative meaning only. 
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In Table ITI, it is shown that both the Kn (polyadenylic acid 
varied) and Vmexr increase with increasing MgCl», suggesting 
that K,,r may be a steady-state constant rather than an equi- 
librium constant. 

Table IV shows that increasing ionic strength up to the opti- 
mum activates the reaction by markedly decreasing the K,,. 
Increasing KCl beyond the optimum causes a significant increase 
in the Knx. There appears to be little effect of ionic strength 
on the Vimaxr- 

It is perhaps more than a coincidence that ionic strength has 
a similar effect on the K,, for ADP in the polymerization reaction 
(5) as it has on the Kr for phosphorolysis. In neither case 
is there an effect on the maximal velocity. The ionic strength 
effect in polymerization may reflect changes in the K,,r for the 
available polynucleotide primer. Raising the ADP concentra- 
tion at inhibitory ionic strengths would restore the rate by rais- 
ing the concentration of primer now known to contaminate the 
ADP preparations (6) or possibly through synthesis of new 
polymer molecules (7). This speculation is strengthened by 
some preliminary measurements,‘ indicating a greater degree of 
activation of polymerization by polyadenylic acid at very low 
and very high ionic strengths. 

Because the degree of salt activation, particularly of the poly- 
merization reaction, seems to vary somewhat with the enzyme 
preparation, and because salt activation has not been observed 
for the highly purified Azotobacter enzyme,® the possibility was 
considered that the M. lysodeikticus preparations contain a 
competitive inhibitor which forms an inactive, salt-dissociable 
complex with the enzyme. It was found, however, that heating 
a purified enzyme preparation for 5 minutes at 60° to destroy 
phosphorylase activity does not result in a preparation which is 
more than slightly inhibitory to the reaction at low salt concen- 
tration. Thus, if a competitive inhibitor were present, it must 
be heat-labile. Recent work has indicated that the percentage 
of inhibition of both phosphorolysis and polymerization by 
polynucleotides containing 3’-phosphomonoester end _ groups, 
which might be expected contaminants of enzyme preparations, 
is increased rather than decreased on raising the KCl concen- 
tration (18). Indeed, salt activation may be taken as evidence 
that the enzyme is relatively free from such inhibitors. 

Table V shows the influence of KCl on Knp and Vimaxp.® In 
this case, the Vmnaxp and not the Kp is affected. One might have 
expected from the effect of ionic strength on K,,.n that KCl would 
have the same effect as variation of polymer concentration 
which, according to Table VI, affects both the K,,r and Vmaxp. 

Activation Energy—Fig. 7 is an Arrhenius plot of the initial 
rates of polymerization and phosphorolysis as a function of tem- 
perature. The concentrations of polyadenylic acid in the phos- 
phorolysis and ADP in the polymerization measurements were 
near the K,, values, yet the plots are reasonably linear over the 
temperature range 10-37°. This would suggest that even at 
intermediate substrate concentrations the rate is approximately 
determined by some simple proportionality function of the 
kinetic constants. In the range 10-37°, the calculated activa- 
tion energies are 12.5 kcal for the polymerization and 19.9 kcal 


4D. D. Hendley, and R. F. Beers, Jr., unpublished data. 

5L. A. Heppel, personal communication. 

6. A. Heppel (27) presents data indicating that the rate of 
ADP-P;** exchange with the highly purified Azotobacter enzyme 
exceeds that of phosphorolysis but not of polymerization. A 
quantitative comparison of the three activities is made difficult, 
however, by large differences in the assay conditions used. 
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for phosphorolysis. The value for phosphorolysis appears not 
to be affected by a 5-fold variation in MgCl. concentration and 
a 1 unit variation in pH. The value for polymerization agrees 
well with the 11.8 kcal determined earlier at lower pH and ionic 
strength (19). 

The break in the phosphorolysis curve above 37° is probably 
not due to selective heat denaturation of phosphorolysis activity 
because another enzyme preparation showed little loss of activity 
at 45° on incubation under the same conditions. 

Inhibitors—No systematic search for inhibitors of phosphoro- 
lysis was made but a number of cases of inhibition were en- 
countered. The inhibition by acridine orange (20) and poly- 
nucleotides with 3’-phosphomonoester end groups have been 
described in previous reports (18, 21). 

In agreement with Ochoa (22) we find that the addition of an 
equal weight of polyuridylic acid to polyadenylic acid inhibits 
polyadenylic acid phosphorolysis. The initial rate of ADP 
liberation measured by orcinol assay is not greatly reduced al- 
though the bulk of the polymer becomes almost completely 
resistant to breakdown. Presumably, many polyadenylic acid 
chains or at least ends of chains escape the complexing described 
by Warner (23). 

Treatment of polyadenylic acid with formaldehyde, which 
probably combines with the amino groups of the adenine, renders 
the polymer completely resistant to phosphorolysis. 

Of some practical interest is the observation that Visking 
dialysis tubing contains a phosphorolysis inhibitor removable 
by boiling for 30 minutes in distilled water. 

Arsenate can replace phosphate in the depolymerization. 
When the arsenolysis products are chromatographed with an 
isobutyric acid solvent (24), only one ultraviolet-absorbing spot 
is found and that has an Rr identical with AMP. These results 
are consistent with the finding of Grunberg-Manago et al. (4) 
that arsenate inhibits the exchange of ADP with labeled phos- 
phate but has no effect on the initial rate of phosphate release 
in polymerization. 

As has been pointed out by Cohn (25), polynucleotide phos- 
phorylase is unique among known phosphorylases in forming a 
P—O—P rather than a C—O—P bond sequence in the product. 
Thus, the generalization put forward by Axelrod (26) that 
arsenolysis involves a cleaving of an E—C bond does not hold 
in this case. 

Equilibrium—Contamination of the enzyme preparations with 
adenylate kinase interfered with equilibrium studies. It could 
be shown, however, that the equilibrium ratio of ADP to P; is 
essentially independent of the amount of polyadenylic acid 
added, a result which would be anticipated from Equation 1, 
where the reactant polymer and product polymer may be con- 
sidered identical. 

The extent to which the equilibrium is sensitive to the molecu- 
lar weight of the polymer present was not investigated. Even 
a relatively slight variation of equilibrium with chain length 
might be expected to have a large effect on the equilibrium dis- 
tribution of molecular weights. 


DISCUSSION 


It is significant that, despite the known polydispersity of the 
polyadenylic acid preparations (12), we cannot detect much 
change in the initial rate of phosphorolysis at low polyadenylic 
acid concentration during the first half of the reaction (Fig. 1). 
This would imply that the polymer cannot be extremely poly- 


D. D. Hendley and R. F. Beers, Jr. 
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TaBie VI 
Effect on Km and Vmaz of concentration of nonvariable substrate 
The K» and Vmax values are calculated from the upper portions 
of the curves in Figs.5 and 6. The Km and Vmax values obtained 
when either polyadenylic acid or phosphate is the variable sub- 
strate are distinguished by the subscripts R and P, respectively. 





Substrate 
































Concentration | VmaxR Kmr Vmaxk/KmrR 
M 
Phosphate 8.0 X 10°? | 0.64 | 2.438 kK 10-4 | 2.6 x 103 
3.2 X 10-3 | 0.44 | 1.4 * 10-4! 3.1 103 
1.6 X 10°? | 0.326 | 1.238 K 10-4 | 2.7 « 103 
0.8 X 10-3 | 0.231 | 1.03 xX 10-4 | 2.3 x 108 
0.4 X 10-3 | 0.176 | 1.22 x 10-4 | 1.4 x 103 
VmaxP Kmp VmaxP/Kmp 
Polyadenylic 7.3 X 10-4 | 0.577 | 1.73 & 10-8 330 
acid 3.6 X 10-4 | 0.440 | 1.26 x 10-3 350 
1.8 X 10-4 | 0.324 | 1.06 x 10-3 310 
0.9 X 10-4 | 0.21 | 0.69 x 10-3 304 
0.46 X 10-4 | 0.148 | 0.67 X 10-3 220 
© phosphorolysis, u = 19,900 cal. 
8 o polymerization, y = 12,500 cal. 
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Fig. 7. Rate of phosphorolysis and polymerization versus tem- 
perature. Combined results of several experiments. For phos- 
phorolysis assays, each tube contained: polyadenylic acid, 2.0 X 
10-4 m; KeHPO,, 0.025 m; MgCle, 1.7 X 10-3 m (Experiments 1 and 
2) or 3.6 X 10-4 m (Experiment 3); KCl, 0.17 m; Tris-HCl buffer, 
0.083 m, pH adjusted to give 8.5 at each temperature (Experiments 
1 and 2) or 9.5 (Experiment 3); and enzymes 104 and 105, in a 
final volume of 3.6 ml. For polymerization assays, each tube con- 
tained: ADP, 7.5 X 10-4 m; MgCle, 3.6 X 10-* m; KCl, 0.18 m; 
Tris-HCl buffer pH 9.5, 0.09 m, and enzyme 105, in a final volume 
of 3.3 ml. 


dispersed, or otherwise there would be a continuous and marked 
fall off in rate as the smaller molecules disappear early in the 
reaction (assuming that the enzyme does not degrade whole 
chains at each encounter). Another possible implication is that 
there is no marked decrease in the reactivity of the polymer as 
the average molecular weight drops 50%. 

The higher affinity of the enzyme for longer oligonucleotide 
chains indicated by the interesting primer studies of Singer et al. 
(27) may not be a significant factor in the chain length range of 
100 to 10,000 units. The influence of chains shorter than 100 
units on the initial rate is probably undetectable with the poly- 
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adenylic acid preparations of high weight average molecular 
weight used in the present work. 

While the data available appear insufficient to arrive at a 
mechanism for this complex reaction, it is of interest to consider 
the implications of mechanisms involving an enzyme-AMP 
complex in view of the fact that such a mechanism has already 
been proposed (28) on the basis of: (a2) ADP-P;*” exchange studies 
of Grunberg-Manago et al. (4) indicating a much higher rate of 
incorporation of P;* into ADP in an exchange assay than the 
initial rate of P; liberation in their polymerization assay, and 
(b) the discovery of a specific exchange-activating factor (29). 

Three simple formulations involving the enzyme-AMP com- 
plex are considered below. None, however, appears entirely 
consistent with the kinetic data. Inasmuch as polyadenylic 
acid is both a reactant and a product in this reaction, the steady- 
state rate equations present some novel features and are con- 
sequently written out for each case. The assumptions have 
been made that (ADP) = 0 and that the substrates are in large 
excess over enzyme. Polyadenylic acid, phosphate, and total 
enzyme concentrations are indicated as R, P, and E,, respectively. 

The mechanism involving a single binary complex, in which 
poly A is polyadenylic acid, 


k 
E + poly A = (E-AMP) + poly A 


-1 


ke (2) 
(E-AMP) + P; —— E + ADP 


C2 
vy = kikeRPE,/((ki + ka)R + koP) 


is unsatisfactory because it can be shown that the K,, and Vmax 
values calculated from 1/v versus 1/(S) plots should be directly 
proportional to the concentration of the other substrate, in con- 
flict with the results shown in Table VI. 

By introducing the possibility of a second binary complex 
involving polyadenylic acid, 


k 
E + poly A = (E-poly A) 
-1 


ke 
(E-poly A) = ; 


-2 





(E-AMP) + poly A 


k 
(E-AMP) + P, == E + ADP 


-3 


(3) 


Ur 


kikeks3RPE,/((kike o k_sk_2)R 
+ (ka + ka)ksP + knksRP + kyk_2R?] 


we obtain a system in which polyadenylic acid competes with 
P; for the enzyme-AMP complex, causing inhibition at high 
polyadenylic acid concentration and low P; concentration. In- 
asmuch as no evidence of polyadenylic acid inhibition was en- 
countered under these conditions in the present work, this for- 
mulation seems unlikely. The same objection can be raised 
against a mechanism involving all three complexes, enzyme- 
AMP, enzyme-polyadenylic acid, and enzyme-ADP. 

A third mechanism involves enzyme-AMP and enzyme-ADP 
complexes: 


Phosphorolysis of Polyadenylic Acid 
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ky 
E + poly A —— 


-1 


(E-AMP) + poly A 








ke 
(E-AMP) + Pi —— (E-ADP) 


2 





k 
(E-ADP) = E + ADP 


—3 
vy = kikeksRPE,/(QR + koksP + kikeRP), 
where Q = (ki + k)(k-2 + ky) 


Derivation of the expressions for Km and Vmax which would be 
calculated from 1/v versus 1/(S) plots gives: 


| R kikeksPE,/(kikeP + Q), 


VimaxP _ kik3RE./(kiR + ky), 
Kmp 


Kar keksP/(kikeP + Q), 


QR/k2(kiR + ks). 


It is interesting that the ratio of Vmax to Km for both substrates 
must remain constant as the concentration of the other sub- 
strate is varied. Table VI shows that this proportionality is 
approximately followed except at the lowest concentration of 
the other substrate, where there is perhaps a significant devia- 
tion. More data at low concentrations are needed, however, to 
clarify this point. 

Of course, this and other formulations yielding linear Line- 
weaver-Burk plots could not be accepted without modification 
to explain the curvature observed at lower substrate concentra- 
tions (Figs. 5 and 6). Such a modification, for example, might 
be the provision for substrate activation (30) by both phosphate 
and polymer, the combination of a second molecule of phosphate 
or polymer with an enzyme complex increasing the rate of the 
reaction. 

Of interest here is the recent finding with the Azotobacter 
enzyme (31) that the P;-ADP exchange can be accelerated up 
to 140% by the addition of suitable polynucleotides. None of 
the mechanisms involving the enzyme-AMP complex would 
appear to account for this observation. 

Brief mention might be made of mechanisms involving a 
ternary complex (enzyme-polyadenylic acid-phosphate). If we 
assume an ordered sequence of substrate addition and a con- 
pulsory enzyme-polymer dissociation when the ternary complex 
decomposes, we obtain the steady-state rate expression pre- 
viously derived by Segal, Kachmer, and Boyer (32). This 
requires linear Lineweaver-Burk plots but otherwise fits the 
data reasonably well. If there is a random order of substrate 
addition, nonlinear Lineweaver-Burk plots may be obtained 
(33). Linearity should be approached at high concentrations 
of the other substrate. The curves shown in Figs. 5 and 6, 
however, do not-seem to show greater linearity at high concen- 
trations of the nonvariable substrate. 

Both ternary complex formulations suffer from inability to 
explain the observation of Grunberg-Manago et al. (4) that the 
ADP-P;® exchange rate may exceed the initial rate of poly- 
merization measured at the same ADP concentration. Although 
this effect could be due entirely to a second ADP-P;* exchange 
activity contaminating the phosphorylase preparation, it could 
also be reconciled with a ternary complex mechanism requiring 
two different types of enzyme-polymer complexes; one reactive 
with P;, the other, (Z-poly A)’, with ADP: 
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k 
E + poly A = (E-poly A) 
-1 


k 
(E-poly A) + P; <= (E-poly A-P) 


ks (5) 


k 
(E-poly A-P) = (E-poly A)’ + ADP 


(E-poly A)’ = E + poly A 


If the third step of mechanism (5) is altered to allow for the 
possible recovery of the original enzyme-polymer complex, 





k 
(E-poly A-P) ——— (E-poly A) + ADP 


kis 


(6) 
vy = kikeksRPE,/(ka(k_2 + ks) + (k-2 + ks) aR + kikeRP] 

the result is a “‘single chain” mechanism allowing more than one 

ADP to be cleaved from polyadenylic acid per encounter with 
enzyme. The steady-state rate law, however, is highly unsatis- 
factory in that it requires V maxp to be independent of polyadenylic 


acid concentration and K,p to decrease with increasing concen- 
tration of the acid: 


VinaxP = k3E:, [k1(k_2 + ks) + ki(k_2 + ks) |R/kikeR 
This is in conflict with the results shown in Table VI. 


Knp = 


SUMMARY 


The initial rate of phosphorolysis of polyadenylic acid cata- 
lyzed by preparations from Micrococcus lysodeikticus has been 
measured under a variety of conditions with release of acid- 
soluble nucleotides as assay. Linear plots of the Lineweaver- 
Burk type are not obtained over the 20- to 50-fold range of con- 
centrations studied with either polyadenylic acid or phosphate 
as the variable substrate. Increasing the ionic strength may 
accelerate the reaction as much as 10-fold. The activating 
effects of Mg*+ and ionic strength differ kinetically in that the 
former increases the concentration of polyadenylic acid required 
for one-half maximal velocity (Knmr) as well as the maximal 
velocity (Vmaxr) itself, whereas change of ionic strength affects 
only Kx and not Vmaxr. On the other hand, ionic strength 
affects Vmaxp (phosphate varied) but not the K,p (phosphate 
varied). Arsenate will replace phosphate in the depolymeriza- 
tion. An activation energy of at least 20 kcal appears to be 
necessary for phosphorolysis. Some limitations of a few simple 
formulations for the reaction are discussed. 
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The enzymatic decarboxylation of orotidylic acid, orotic acid 
ribofuranoside 5’-phosphate, an irreversible step in pyrimidine 
nucleotide biosynthesis, was first demonstrated by Kornberg, 
Lieberman, and Simms (1) in extracts of yeast. A more purified 
preparation of this enzyme was used by Holmes (2) in a study of 
inhibition of the conversion of orotic acid to uridine nucleotides. 
More recently, it has been demonstrated that 6-azauridine 5’- 
phosphate, derived metabolically from the precursor, 6-azauri- 
dine, used as a carcinolytic agent-in certain types of leukemia, is 
a potent competitive inhibitor of this enzyme (3, 4); additional 
studies have indicated that the decarboxylase also is inhibited 
by uridine 5’-phosphate, although the amounts required are 
much greater (4, 5). 

The present study forms part of a program designed to in- 
vestigate the factors which control the synthesis of the pyrimidine 
nucleotides and their effect on other areas of metabolism. This 
report describes the purification, properties, and some pre- 
liminary studies on the mechanism of action of the orotidylate 
decarboxylases of brewer’s yeast and rat liver. Incidental to 
the mechanism studies, uracil derivatives specifically labeled 
with tritium in positions 5 or 6 of the ring have been prepared. 
Evidenceis presented that control mechanism, operating through 
the levels of tissue pyrimidine riboncleotides, may govern the 
activity of this enzyme. 


EXPERIMENTAL PROCEDURE 


Methods 


Orotic acid-7-C™ and uridine-5,6-H*® were obtained from the 
New England Nuclear Corporation; the former was used for the 
preparation of orotidylate-7-C™, as described previously (4). In 
addition, orotic acid-5-H® was prepared by catalytic exchange 
at the New England Nuclear Corporation; this material was 
treated repeatedly with dilute acid and alkali to remove ex- 
changeable tritium. Orotidylate decarboxylase was routinely 
assayed spectrophotometrically at 285 mu in a Beckman model 
DU spectrophotometer (1), in 0.05 m Tris (pH 8.0), except that, 
in the pH studies, phosphate-Tris buffers, 0.05 m with respect 
to each ion, were used. The rate of orotidylate decarboxylation 
at substrate concentrations below 1.5 x 10-5 M, or in the pres- 
ence of large amounts of material which absorbed ultraviolet 


* Supported by a grant (T-112A) from the American Cancer 
Society and presented in part at the 137th meeting of the American 
Chemical Society, Cleveland, 1960. 

+ Postdoctoral fellowship support was derived from a training 
grant (CY-5012) of the Public Health Service. 

t Scholar in Cancer Research of the American Cancer Society. 


light at 285 my, was determined with orotidylate-7-C™ in War- 
burg flasks (4). In all cases, a unit of enzyme activity refers to 
that amount which catalyzes the decarboxylation of 1 umole of 
orotidylate per hour at 25° when the substrate concentration is 
5 X 10-5. 

Purification of Enzyme from Yeast—The two initial steps in 
the preparation of this enzyme, namely, autolysis and fractiona- 
tion with ethanol, were performed as described previously (1) 
except that two volumes of ethanol were added initially to re- 
move inert material; then the enzymatic activity was precipi- 
tated by the further addition of two volumes of ethanol. This 
second precipitate was dissolved in 0.02 m acetate buffer (pH 
4.5), with a volume equal to that of the original autolysate (140 
ml from 30 g of yeast). To this solution, 57 g of solid ammo- 
nium sulfate were added to achieve 62% saturation. The precipi- 
tate was sedimented for 20 minutes at 10,000 x g in a Lourdes 
refrigerated centrifuge; the supernatant fluid was adjusted to 
80% saturation with 19 g of ammonium sulfate and centrifuged. 
Most of the activity was recovered in this second precipitate 
which was dissolved in 50 ml of 0.025 m glycylglycine buffer 
(pH 7.0), and dialyzed overnight against 0.01 m glycylglycine 
buffer (pH 7.0). In all subsequent operations, the solutions 
which contained the enzyme were supplemented with glutathione 
to a final concentration of 0.001 m. Approximately 100 mg of 
alumina Cy gel were added to the dialysate until most of the 
activity had been adsorbed. The gel was centrifuged, washed 
with 0.01 m phosphate buffer (pH 7.2), and then eluted with 30 
ml of 0.05 m phosphate buffer (pH 7.2). The eluate was diluted 
to a final buffer concentration of 0.01 mM and the enzyme adsorbed 
on about 180 mg of calcium phosphate gel. This gel was washed 
with 0.01 m phosphate buffer (pH 7.2) and the activity eluted 
with 0.03 m phosphate buffer (pH 7.2). The eluted enzyme was 
precipitated by the addition of ammonium sulfate to give 80% 
saturation, and dissolved in 5 to 10 ml of 0.025 m glycylglycine 
(pH 7.0) containing 0.001 m glutathione. The specific activity 
of the enzyme at.this stage was about 60 times greater than that 
of the yeast autolysate and over-all recovery of activity was 15% 
(Table I). Attempts to obtain further purification of the 
enzyme on a column of diethylaminoethyl-cellulose' were un- 
successful. A portion of the enzyme after the first fractionation 
with ammonium sulfate was lyophilized. This lyophilized prepa- 
ration retained full activity for 6 months at —18° in a desiccator. 
Solutions of the enzyme eluted from calcium phosphate gel, in 
the absence of glutathione and ammonium sulfate, lost 80% of 


1 Obtained from the Brown Company, Berlin, New Hampshire. 
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TaBLeE I 
Purification of yeast orotidylate decarboxylase 


The procedures are described under ‘“‘Methods.’’ Protein was 
determined by the method of Warburg and Christian (6). 

















Fraction Protein | 7 ctivity = 

me | units | lee 

Waa GULGIVEGUC..... 6.55 6 ose sen se seins 4620 1267 0.27 
Second ethanol precipitate. .......... 1255 703 0.56 
Second ammonium sulfate precipitate.| 301 431 1.43 
Alumina Cy eluate. .................. 61.6 330 5.36 
Calcium phosphate eluate............ 12.3 193 15.70 





TaBLe II 
Purification of liver orotidylate decarboxylase 
The procedures are as described in ‘‘Methods.”’ 














Fraction Protein ecg a 

me | units | wte/me 

Particle-free supernatant fraction....} 5880 190 0.031 
Second ammonium sulfate precipitate .| 2090 158 0.076 
Calcium phosphate supernatant fluid.| 681 125 0.184 
Alumina Cy-eluate................... 101 50 0.495 











their activity in 14 days at —18°, but the presence of these com- 
pounds stabilized such enzyme solutions for at least 2 months. 

Purification of Enzyme from Rat Liver—Rats (100 to 150 g) 
were killed by decapitation and the livers quickly removed and 
homogenized with a Potter-Elvehjem apparatus in 3 volumes of 
cold 0.25 m sucrose (pH 7.2). The particle-free supernatant 
fluid (200 ml), obtained by centrifuging the homogenate for 90 
minutes at 78,000 x g, was adjusted to 40% saturation with 48 
g of ammonium sulfate and the precipitate removed by centrifug- 
ing for 20 minutes at 10,000 x g. To the supernatant fraction, 
sufficient solid ammonium sulfate (27 g) was added to achieve 
60% of saturation. The precipitate was centrifuged, dissolved in 
0.025 m glycylglycine buffer (pH 7.0), and dialyzed overnight 
against 0.01 m glycylglycine (pH 7.0). This dialysate was stirred 
with 700 mg of calcium phosphate gel which adsorbed inactive 
protein and was removed by centrifugation. To the supernatant 
fluid was added 144 mg of alumina Cy gel; this adsorbed all 
enzyme activity. The gel was centrifuged and washed with 0.03 
M phosphate buffer (pH 7.2). The enzyme was eluted from the 
gel with 10 ml of 0.05 m phosphate buffer (pH 7.2). Table II 
indicates the recovery and activity of the various fractions in this 
purification scheme. The liver preparation retained full enzy- 
matic activity for 5 months at —18°. 


RESULTS 


The activity of dialyzed preparations of either enzyme was 
not enhanced by the addition of either magnesium or manganese, 
and, in fact, no inhibition was noted in the presence of ethyl- 
enediaminetetraacetic acid (10-? m). Other possible inhibitors 
of the enzyme, such as semicarbazide (10-* m), CuSO, (10-* ), 
BaCl, (10-4 m), sodium azide (10-* m), sodium fluoride (10~ m), 
and hydroxylamine (10-* m), were without activity. However, 
theenzymes from the two sources differed greatly in their sensitivity 
to compounds which react with sulfhydryl groups; that from 
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yeast was inhibited 50% by 4 x 10-* m and 100% by 3 x 10+ 
mM p-chloromercuribenzoate, whereas that from liver was unaf- 


fected by this inhibitor (even at a level of 3 x 10-?m). Similarly, 
the inhibition by 10-* m N-ethylmaleimide was 81% with the 
enzyme from yeast, whereas that from liver was inhibited only 
6% bya 10-fold higher concentration of the inhibitor. Enzymatic 
activity was not stimulated by cysteine, glutathione, pyridoxal 
phosphate, or thiamine pyrophosphate. 

The pH optima and stability of each of the enzymes were 
determined in Tris-phosphate buffers from pH 4.5 to 9.0. In- 
stability was measured by preincubation of the enzyme for 10 
minutes in the absence of substrate. The results presented in 
Fig. 1 indicate the higher pH optimum of the liver enzyme and 
its marked instability below pH 6, as contrasted to that of the 
enzyme from yeast which was relatively stable at pH 5, but was 
particularly unstable at pH levels of 8.0 or higher. Although 
glutathione and orotidylate protected the yeast enzyme from 
inactivation at pH 8.0 (Fig. 2), only substrate and not glutathione 
stabilized the enzyme from liver in either acidic or basic solutions. 

Kinetic Studies—The K,, for orotidylate with the liver enzyme 
was determined, as previously described (4), by the release of 
CO, from orotidylate-7-C™, and the data which are presented in 
Fig. 3 indicate a value of 4.5 X 10-6 m. This value is similar 
to that of 7 to8 x 106m observed with the enzyme from yeast 
(4). 

Attempts were made to test for reversibility of the decarboxyla- 
tion. Yeast enzyme (0.12 unit) was incubated with 1.5 x 10° 
mM UMP and 3 x 10~ m sodium carbonate-C™ (7.8 x 108 c.p.m. 
per umole) in Tris buffer (0.05 M, pH 8). Samples were removed 
at various times up to 60 minutes, acidified, and evaporated to 
dryness. No fixation of radioactivity was observed. 

Recently, the purified yeast orotidylate decarboxylase has 
been shown to be inhibited by UMP (4) and it has also been 
observed that UMP reduced the conversion of orotic acid to 
uridine nucleotides and led to the accumulation of small amounts 
of orotidylate in a soluble preparation from liver (5). Kinetic 
studies with the yeast enzyme revealed the competitive nature 
of this inhibition, as is indicated in Fig. 4. In addition, it was 
observed that CMP, AMP, and GMP also compete with orotidyl- 
ate for this enzyme. The relative inhibitory potency of these 
nucleotides is presented in Table III. The corresponding de- 
oxyribonucleotides were essentially inactive. Significant in- 
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Fig. 1. Effect of pH on the activity and substrate stabilization 
of orotidylate decarboxylase from yeast and liver. Reaction rates 
were measured spectrophotometrically with orotidylate at a con- 
centration of 10-‘m. Enzyme was added either 10 minutes before 
(X——X) or immediately after (A——A) the substrate. 
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hibition of the liver enzyme was observed with UMP (K; = 
1.5 X 10-4), but CMP inhibited only at much higher concentra- 
tions (60% at 4 x 10-3 m and 77% at 6 X 107° m with 10-5 m 
orotidylate), whereas AMP and GMP were inactive. The 
affinity of 6-azauridine 5’-phosphate for the enzyme from liver 
was somewhat greater (K; = 1 X 10-7 Mm) than that reported for 
the preparation from yeast (7 to 8 x 10-7 m) (4). 
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Fig. 2. (left) Inactivation of yeast orotidylate decarboxylase at 


pH 8.0 and protection by glutathione and orotidylate. Reaction 
rates were measured spectrophotometrically at 25° in Tris buffer. 
Enzyme was added to all cuvettes at zero time. Orotidylate (1 X 
10-* m) was added to the cuvettes at the following times: /, zero 
time; 2 and 3, 10 minutes; and 4 and 4, 20 minutes. Cuvettes 3 and 
5 contained 0.001 m glutathione. 

Fig. 3. (right) Kinetic study of the effect of substrate concen- 
tration on the velocity of orotidylate decarboxylation by the 
enzyme from liver and the inhibition of this reaction by UMP. 
Reactions were conducted in Warburg flasks shaken at 25°, con- 
taining Tris buffer (0.05 m, pH 8.0), enzyme (0.01 unit), and 
orotidylate-7-C™ (7000 c.p.m.) in a final volume of 1.5 ml. ‘UMP 
concentrations of 1 X 10-* and 2 X 107 m were used. 
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Fic. 4. Kinetic study of the inhibition by uridine 5’-phosphate 
(UMP) of orotidylate decarboxylase from yeast. All reactions 
were carried out as in Fig. 3, with 1 X 10-* and 2 X 10-? m UMP. 
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TaBLeE III 
Inhibition by ribonucleotides of orotidylate decarboxylase 
from yeast 
The procedures are described under ‘‘Methods.’’ Values for 
K; were calculated from Lineweaver-Burk plots similar to those 
shown in Fig. 3 and Fig. 4. 
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Preparation of Uracil-6-H*? and UM P-5-H*—This was carried 
out by the following reaction sequence: 


if 
_-___ 

. i x cH,0 ® Kea 0 ® 

OH OH OH =. 
Orotic Acid-5-H$ 
Orotidylate-5-H? 
UMP-5-H? 

ScHEME 1 


To 45 ml of incubation mixture (7), adapted from that of Stone 
and Potter (8), were added 40 ml of a particle-free supernatant 
fraction from rat liver prepared as described above, 20 umoles 
of orotic acid-5-H* (2.67 x 10° c.p.m. per umole), and 49 ml of 
water. After incubating for 2 hours at 37°, the mixture was 
heated for 2 minutes at 100° and centrifuged. The supernatant 
fraction was passed through two 1- X 12-cm columns of Dowex 
1-formate and eluted with 1 m perchloric acid. This eluate 
(145 ml) was heated for 30 minutes at 100° to hydrolyze the 
nucleotides to the monophosphate level. After cooling, the 
solution was neutralized with 6 Nn KOH and centrifuged. The 
supernatant material was passed through a 1- xX 20-cm Dowex 
1-formate column and eluted with a gradient produced by al- 
lowing 500 ml of 1 M ammonium formate to flow into an equal 
volume of water. Two radioactive peaks were eluted and, on 
paper chromatograms, these migrated as UMP and uracil. The 
contents of these tubes were adjusted to pH 10 and the radioac- 
tive derivatives adsorbed onto 1- xX 6-cm Dowex 1-formate 
columns and eluted with 6 Nn formic acid. These eluates were 
evaporated to dryness and the residues dissolved in water and 
chromatographed on Whatman No. 1 paper with butanol-acetic 
acid-water (50:25:10) as the solvent system. Similar prepara- 
tions were made from a particle-free supernatant fraction of 
mouse lymphomas (L5178). In these experiments, the product 
was largely UMP. The yields and specific activities of these 
compounds appear in Table IV, from which it is evident that 
there is no loss in radioactivity during the formation of UMP. 
Uracil shows a lower specific activity, possibly because of equili- 
bration with dihydrouracil (9). 

Preparation of UMP-6-H*—Unlabeled orotidylate was de- 
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TaBLe IV 
Preparation of UMP-5-H* 
The experimental details are described under ‘‘Results.’’ 











Product 
Source of enzyme 
preparation 
UMP Uracil 
pmoles c.p.m./pmole pmoles c.p.m./pmole 
Ee Ree 4.5 | 2.54 K 10°| 7.8 | 1.97 x 10° 
Tumor L-5178....... 7.4 12.6 X 108] 1.4 | 2.49 x 10° 








carboxylated in the presence of tritiated water to give this com- 
pound: 


P HN” pH? H H 
Ur 1. ntl A H 
kar or, 


OH OH 


OH OH 
Orotidylate 
UMP-6-H$ 
ScHEME 2 
The apparatus used for this preparation (Fig. 5) was designed 
to allow several incubations and distillations to be undertaken 
in succession. The arrangement of a wide connecting tube with 
a capillary access to the aspirator allowed rapid condensation in 
the cold tube with a minimal loss of radioactivity; in a trial run 
of 6 repeated distillations of a sample of 1 ml of water, the total 
losswasless than 5%. A trap, cooled with solid CO, and ethanol, 
was included in the aspirator line in order to prevent condensation 
of water vapor from the aspirator in the collecting vessel. For 
the preparation of radioactive UMP, 1 curie of tritiated water, 
5 mg of lyophilized enzyme from the ammonium sulfate fractiona- 
tion (1.37 units per mg), 1.5 umoles of orotidylate, and 0.08 ml 
of Tris buffer, 1.0 m and pH 8.0, were placed in one of the tubes. 
Enzyme action was allowed to proceed at 25° for 30 minutes; 
then the tube was connected to the distillation apparatus and 
immersed in a water bath at 50°. An aspirator was connected 
to the system and the water distilled into a collecting tube cooled 
with solid COz and ethanol. A further reaction was undertaken 
with the recovered water, after which the distillation process was 
repeated. The residues from several such runs were dissolved 
in nonradioactive water and the water removed in the usual way 
in the apparatus; this was repeated six times. Four additional 
treatments were carried out with 0.1 N ammonium hydroxide 
instead of water. After these exchanges the radioactivity re- 
moved with each distillation was reduced to less than 1 x 105 
cp.m. The final residue was dissolved in water, adjusted to 
pH 10 with ammonium hydroxide, passed through a 1- x 20- 
cm column of Dowex 1-formate, and the column washed with 
water. Elution with a gradient produced with 1 M ammonium 
formate and water gave only one ultraviolet-absorbing peak and 
this contained all the radioactivity. The combined solutions 
comprising the peak were made alkaline with ammonium hy- 
droxide, diluted to 150 ml, and passed through a 1- xX 2-cm 
column of Dowex 1-formate. The compound was eluted with 6 
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N formic acid and the eluate evaporated to dryness with a rotary 
evaporator. The residue was dissolved in water and chromato- 
graphed on Whatman No. 1 paper with a system composed of 
butanol-acetic acid-water (50:25:10). The yield and specific 
activity of the product are shown in Table V. There seems to 
be a large isotope effect which reduced the specific activity to 
about 50% of theoretical. These results suggested that a similar 
isotope effect might be obtained with deuterium. Accordingly, 
spectrophotometric assays of yeast orotidylate decarboxylase 
activity were made at various concentrations of deuterium.oxide. 
A solution of lyophilized enzyme in deuterium oxide (99.5%) was 
added with suitable amounts of water or deuterium oxide to 
3-ml spectrophotometer cells in which 0.05 ml of Tris buffer, 1.0 
M (pH 8.0), and 0.15 umole of orotidylate had been dried. It 
might be predicted that a linear relationship between reaction 
rate and concentration of deuterium oxide would be observed 
on the basis of a primary isotope effect. However, the rate 
remained virtually unchanged at concentrations below 80%, 
but decreased rapidly above this value (Fig. 6). To determine 
if the low specific activity of the UMP arose through equilibration 
of the tritium at the enzyme surface after its fixation into UMP, 
6.8 units of lyophilized yeast enzyme, 0.5 umole of UMP-6-H? 
(34,000 ¢.p.m.), and 0.05 m Tris (pH 8.0) were incubated together 
for 1 hour at 25° and then acidified and evaporated to dryness. 
No activity was transferred to the water during this procedure. 

Localization of Tritium Atom in Pyrimidine Ring—The reac- 
tion, first described by Wheeler and Johnson (10) for the prepara- 
tion of 5-bromouracil in which excess bromine acts on uracil, 
was used to determine the position of the tritium atom in the 
pyrimidine ring. In this reaction the hydrogen atom at position 
5 is displaced to form 5-dibromo-6-hydroxy-5 ,6-dihydrouracil 
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Fig. 5. Apparatus used for the distillation of small quantities of 
tritiated water. 


TABLE V 
Preparation of UMP-6-H* 
Experimental details are presented under ‘“‘Results.’’ The 


activity of the tritiated water is expressed as the mean of that 
found for each run of the series of reactions. 














on Tritiated water a + ane UMP isolated 
c.p.m./patom H pmoles pmoles c.p.m./pmole 
I 6.30 X 105 6.0 4.32 2.74 X 105 
II 3.88 x 105 3.0 1.98 2.15 X 105 
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Fia. 6. Effect of increasing concentrations of deuterium oxide 
upon the activity of lyophilized yeast orotidylate decarboxylase. 
Reaction rates were followed spectrophotometrically with 1 X 
10-‘ m orotidylic acid and 0.05 m Tris buffer (pH 8.0). 


(1), which on heating eliminates hypobromous acid and yields 
5-bromouracil (11). 


° 
, 
HN H HN Br HN Br 
i H , - 1 H 
Oo" NN 0° Ny *H o 
H H H 
I I 2 
ScHEME 3 


By conducting this reaction in the apparatus shown in Fig. 5, 
and determining the activity in the water which is subsequently 
distilled, the proportion of the tritium which is in position 5 
may be determined. Excess bromine was added to a solution 
of the tritiated material and the mixture warmed on a water 
bath and distilled. As can be seen in Table VI, the anticipated 
difference between the release of tritium from the 5- and 6- 


labeled compounds was observed. Complete release of tritium 


TaBLe VI 
Position of tritium in H*-labeled pyrimidines 

Water and excess liquid bromine were added to the labeled 
pyrimidines and the solution was warmed to 50°. Water was 
removed in the apparatus shown in Fig. 5 and the radioactivity 
of the distilled water was determined. Results are expressed as 
the percentages of tritium released from the compound by bro- 
mine. 
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from UMP-5-H* was not achieved, but after degrading the 
compound by incubation with a particle-free supernatant fraction 
from rat liver, which had been dialyzed for 18 hours against dis. 
tilled water, and then carrying out bromine-treatment on the 
isolated uracil, virtually all of the activity was released to water: 


' 


en A aS 


under these conditions the 6-H* compounds did not release | 


radioactivity. 
DISCUSSION 


The two orotidylate decarboxylases which have been studied 
in this work differ markedly in their properties. The enzyme 
from yeast apparently contains sulfhydryl groups essential for 
its activity, is sensitive to alkaline pH, but is protected from 
inactivation by glutathione. The liver decarboxylase, however, 
is insensitive to the normal sulfhydryl inhibitors and is particu. 
larly unstable under acidic conditions. 

Persistence of the label in position 5 during the conversion of 
orotic acid-5-H® to UMP suggests that this position is not in- 
volved in the decarboxylation process. However, this finding 
does not necessarily indicate that the double bond between posi- 
tions 5 and 6 remains intact during the reaction. 
ation of orotidylate in tritiated water produces 6-labeled UMP 
with a specific activity that is 50% lower than that of the 
water; this result suggests an isotope effect similar to that 
observed with other enzymatic reactions involving tritium (11). 
When deuterium oxide instead of water was used as the solvent, 
there was a 30% decrease in reaction rate. Although these 
figures are in good agreement, the results presented in Fig. 6 
do not indicate a direct proportionality between reaction rate 
and deuterium oxide concentration. Because no analysis of 
the deuterium fixation into the UMP produced under these 
conditions was performed, comparison of the results with those 
obtained with tritium cannot be made with complete confidence. 
Furthermore, very high concentrations of deuterium oxide may 
alter enzyme hydration and configuration, a change which could 
be independent of the isotope effect anticipated in the protonation 
reaction. 

The utility of bromine treatment as a method of distinguishing 
between labeling with H? in positions 5 and 6 of pyrimidines is 
presented in Table VI. Unfortunately, because of steric or 
other effects of an electronic nature, position 5 of UMP seems to 
be less reactive than that of uracil, so that complete release of 
tritium was not achieved under the relatively mild conditions 
used. Preliminary experiments indicate that the initial reaction 
of uracil derivatives in the presence of limiting amounts of 
bromine eliminates the ultraviolet-absorption (12), but does not 
liberate the major portion of the tritium in position 5.2 

The competitive inhibition of orotidylate decarboxylase of 
yeast by both purine and pyrimidine ribonucleotides suggests a 
mechanism for the control of pyrimidine nucleotide synthesis 
de novo. The inhibitory activity of UMP may be explained by 
product affinity for the enzyme, but not by mass action, because 
the reaction is irreversible; however, the activities of the other 
ribonucleotides do not fit this concept. Although the K; values 
for these nucleotides indicate affinities which are less than one- 
hundredth that of the substrate, the intracellular concentration 
of these compounds is very large, as compared to the presently 
immeasurable levels of orotidylate, and may exert a definite 
inhibitory action on the decarboxylase. There seems to be 


2W. A. Creasey, unpublished results. 
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broad sensitivity of the yeast enzyme to ribonucleoside mono- 
phosphates, but the corresponding ribonucleosides and the di- 
and triphosphates of uridine and azauridine are inactive (4), 
as are the deoxyribonucleotides of uracil and cytosine, which 
display only minimal activity. Greater specificity was observed 
with the enzyme from liver which was not inhibited by AMP or 
GMP, and was relatively insensitive to CMP. 

The preparation of uridine nucleotides which are specifically 
labeled in either position 5 or 6 with tritium, serves not only to 
establish certain aspects of the mechanism of the decarboxylation, 
but also provides useful substrates for investigation of the mech- 
anism of formation of thymidine 5’-phosphate and 5-ribosyl 
uracil derivatives from uracil nucleotides. 


SUMMARY 


Orotidylate decarboxylase has been partially purified from 
brewer’s yeast and rat liver and some of its properties have 
been studied. In contrast to the decarboxylase from liver, the 
enzyme from yeast contains sulfhydryl groups which are essential 
for activity. The enzyme from yeast was inhibited by the 5’- 
monophosphates of uridine, cytidine, adenosine, and guanosine, 
whereas only that of uridine, and, to a lesser extent, of cytidine, 
was active with the liver preparation. The use of these enzymes 
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for the preparation of uracil derivatives specifically labeled with 
tritium in positions 5 and 6 of the pyrimidine ring is described. 
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Fatty Livers Induced by Orotic Acid 


I. ACCUMULATION AND METABOLISM OF LIPIDS* 
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The fatty infiltration of the liver which accompanies the inges- 
tion of orotic acid by rats (1, 2) affords a convenient system for the 
study of lipid metabolism. This phenomenon, unlike the de- 
velopment of fatty liver induced by a choline-deficient diet, does 
not seem to be accompanied by other serious pathological disturb- 
ances, is readily reversible, and is prevented by low levels of die- 
tary adenine. Thistypeof fattyinfiltrationis accompanied by cer- 
tain changes in pyrimidine metabolism, notably reductions in the 
catabolism of orotic acid and in the phosphorylation of uridine 
(2). These studies are a part of a program concerned with the 
elucidation of interrelationships between nucleotides and control 
of the formation and deposition of lipids in various tissues. 

In the present study certain changes which occur in the liver 
lipids during induction of fatty infiltration have been described 
and additional nutritional findings presented. Some of these 
findings have appeared in a preliminary account (8). 


EXPERIMENTAL PROCEDURE - 


Methods 


Male albino rats of the Osborne-Mendel strain were weaned 
at 20 to 23 days and fed either a crude dog chow diet or a purified 
diet (2) composed of vitamin-free casein, corn oil, sucrose, and 
mineral and vitamin supplements. Orotic acid and adenine 
sulfate were added at the expense of all other dry ingredients. 
The rats were killed by decapitation, and their livers were excised 
quickly, chilled, and weighed. Liver slices were prepared free- 
hand (4). 

For the extraction and fractionation of lipids, livers were 
homogenized in a Waring Blendor with 8 volumes of an alcohol- 
ether mixture (1) and the extract was refluxed for 5 minutes. 
The residue was refluxed with a second portion of solvent and 
the combined extracts were evaporated to dryness. The lipids 
were dissolved in petroleum ether (b.p., 36-56°) and the solution 
was dried overnight over anhydrous sodium sulfate. Separation 
of the hepatic fat into neutral lipids and phospholipid was achieved 
by precipitation overnight with 8 volumes of cold acetone. 
More complete fractionation of the hepatic lipids was achieved 
on 20-g columns of silicic acid.!. The fats, dissolved in petroleum 


* This work was supported by grants from the American Cancer 
Society (T112A) and the Nutrition Foundation, Inc. (821). 

t Postdoctoral fellowship support was derived from a research 
training grant (CY-5012) of the United States Public Health 
Service. 

¢ Scholar in Cancer Research of the American Cancer Society. 

1 Silicic acid was used as received from BioRad Laboratories, 
Richmond, California. 


ether, were adsorbed on columns and the neutral lipids eluted | 


with a solvent gradient (5). Into a reservoir which contained 
800 ml of petroleum ether, the following solvents were allowed to 
flow sequentially: 1200 ml of 10% diethyl ether in petroleum 
ether and 800 ml of 100% diethyl ether. Gradient elution of 
the phospholipid remaining on the column was not found to give 
satisfactory resolution, and the following sequence of methanol- 
chloroform mixtures was used in a stepwise elution: 75 ml of 
chloroform, 200 ml of 20% methanol in chloroform, 300 ml of 
38 % methanol in chloroform, 200 ml of 60% methanol in chloro- 
form, and 200 ml of 100% methanol. The amount of fat present 
in each tube was determined after evaporation of the solvents in 
weighed aluminum pans. 

Methy] esters of the fatty acids from the various lipid fractions 
were prepared by refluxing them with a mixture of methanol, 
sulfuric acid, and 2,2-dimethoxypropane (20:1:1) for either 2 or 
6 hours. Phospholipids required the longer time period. The 
methyl esters so formed were extracted with petroleum ether and 
the ether phase was washed with water and dried. Samples of 
the esters (0.2 to 0.5 mg) were applied to 6-foot columns packed 
with either the adipic or succinic polyesters of ethylene glycol 
adsorbed on Chromosorb W.2 The chromatogram was developed 
by passage of argon through the column at a temperature of 190°, 
and the esters were detected with a tritium detector in a Barher- 
Colman model 10 apparatus. 

Incorporation of Labeled Precursors—Acetate-2-C™, stearate-1- 
C™, and phosphate-P® were administered by intraperitoneal 
injection at various times before the animals were killed, and the 
activity of the individual lipid fractions was determined. For 
the incorporation in vitro of acetate-2-C™ and stearate-1-C, 
100- to 200-mg slices of liver were incubated for 1 hour at 37° in 
5.0 ml of Krebs III buffer (6) containing, per ml, either 0.2 ue 
of sodium acetate-2-C™ (1.0 uc per umole) or sodium stearate-l- 
C* (2.37 uc per umole). The incubation was stopped by adding 
0.5 ml of 6 N HClO, and the slices were removed, washed with 
water, dried on filter paper, and weighed. The fat was extracted 
and fractionated as described above, and the radioactivity de- 
termined with a liquid scintillation counter. In experiments in 
which the release of C“O2 was measured, about 100 mg of liver 
slices were incubated in Warburg flasks with 2.0 ml of Krebs III 
buffer and C-labeled substrate. The following amounts of 
radioactive substrates were used in this portion of the study: 
2 X 105 c.p.m. acetate-2-C™ (1 ue per umole), 8 xX 10° c.p.m. 
stearate-1-C™ (2.37 ue per mole), and 8 X 10° c.p.m. glucose-l- 


2 Applied Science Laboratories, State College, Pennsylvania. 
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+ c™ (0.04 we per umole). The CO, which was evolved was 
| trapped in the center wells with 0.2 ml of 2N NaOH. Stearyl- 
- OROTIC- TREATED 


| coenzyme A was prepared enzymatically (7). ie 


°— 
x 





RESULTS ee 
Fatty infiltration of the liver appeared 3 days after weanling / 

animals began to eat a purified diet containing 1% of orotic acid, 

and progressed rapidly to a maximal fat content of approximately my / 

30%, a level which was maintained for at least 250 days (Fig. 1) 

without evidence of other untoward effects. A similar time 

course of fat accumulation was observed when older animals were t 

fed a purified diet containing orotic acid. As an additional 

check on the general toxicity of orotic acid, several breeding i CONTROL alas 

experiments were performed. For 120 days, eight weanling ee a ce a 

| females were given either the purified diet or the purified diet op 

luted | containing 1% orotic acid; in summary, of a total of 8 matings 
ained jn the control groups, 2 litters were cast, whereas in the group : 
red to receiving diets supplemented with orotic acid, there were 4 litters 
ster froma total of 8 matings. Although these data are not extensive, Fria. 1. The time course of fatty infiltration of the liver. Wean- 
on of | itseems that orotic acid did not impair the potential reproductive jing rats were fed the test diets and killed at the indicated times. 
give | bilities of the rats tested. The poor performance of these Total fat was determined as described under ‘‘Methods.”’ 





PERCENTAGE FAT IN LIVER 








i i i I i j i l 
16 32 48 156 
DAYS ON DIET AFTER WEANING 





anol- | animals may be attributed to the test diets which are probably 

ml of | guyboptimal as breeding diets. ponent was the only other fraction which increased. A similar 
ml of Incorporation of aureomycin (20 mg per kg) and succinylsulfa- pattern occurred in experiments in which some accumulation of 
iloro- thiazole (0.2%) in the synthetic diets did not significantly alter fat was seen on a dog chow diet containing 1% of orotic acid. 


"esent the rate or extent of fatty infiltration. To determine whether 6- Addition of 0.25% of adenine sulfate to the purified diet con- 
nts in azauridine (the ribonucleoside of 6-azauracil), an antimetabolite taining 1% of orotic acid completely prevented the accumulation 
which inhibits the conversion of orotic acid to uridine nucleotides of triglyceride in the liver (Table I). In all experiments, the 
tions (8), would prevent the accumulation of hepatic fat, a group of changes in lipid composition were not evident until after 3 days 
anol, | gnimals was fed the purified diet containing 1% of orotic acid and _ on the experimental diet. 
r2or | given drinking water which contained 1 mg of 6-azauridine per ml. Gas Chromatography—Analysis of the fatty acid esters ob- 
The The fat content of the livers of fourteen animals increased in a tained from the lipid fractions by gas chromatography revealed 
T and manner indistinguishable from that of rats receiving the same certain changes, including a diminished proportion, in the sterol 
les of  dietand distilled water, despite the fact that gain in body weight esters, of those fatty acids with a chain length of less than Ci. 
acked ceased because of the toxicity of the antimetabolite. (at 3 days, these were reduced from 39.8% to 24.2%). In rats 
glycol Fatty infiltration of the liver was also observed in a group _ eating the diet which contained orotic acid, changes in the palmi- 
loped of eight rats which were subjected to partial hepatectomy 2 days tate and oleate contents of the diglycerides and a reduction in 
(190°, after the addition of 1% orotic acid to their diet. The average the content of the phospholipids were also observed (Table II). 
arber- fat content of these livers was 11.7% after a total of 7 days on However, the fatty acid composition of the triglycerides, which 
this diet, as compared with 12.3% for livers from nonhepatec- form the bulk of the newly synthesized fat, was essentially un- 


ate-l- | tomized rats. Likewise, the livers of a group of six adrenalec- changed, except for an increase in stearate, a relatively minor 
oneal tomized rats underwent fatty infiltration similar to that observed constituent. Summation of each fraction showed that the ratio 
id the | in normal animals under these conditions. of saturated to unsaturated acids was significantly altered only 

For | Lipid Fractionation on Silicic Acid Columns—The various in the diglycerides. In short term experiments such as are 
1-C¥, fractions obtained from silicic acid columns were characterized reported here, with a purified diet containing corn oil and a 


37° in by chromatographic comparison with known samples, and their crude diet containing several animal and vegetable fats, there 
0.2 we , identity was confirmed by the following tests. Sterols and their was no evidence that the dietary fat influenced to a significant 
ate-l- | esters were identified by the Liebermann-Burchard reaction, extent the fatty acid composition of the lipids in the liver. 


dding glycerides by the periodate reaction (9), with and without prior Level of Lipids in Serum—Blood samples were removed by 
= hydrolysis, whereas diglycerides were distinguished by their cardiac puncture from rats which were anesthetized with ether. 
rac 


ability to act as acceptors of stearyl-coenzyme A in the presence After centrifugation, the plasma was removed and the lipid 
by de- | of an enzyme from liver microsomes (10). Phospholipids were content was kindly determined, as described previously, by Dr. 
nts in identified by the color reactions of the individual bases (11-15). M. J. Albrink (16). In the animals receiving purified diet plus 
f liver } Ethanolamine phosphatide was referred to as cephalin, but this 1% orotic acid, the results showed a progressive decline in the 
bs III fraction also contained serine phosphatide. Inositol phospha- serum levels of all three classes of lipids (triglycerides, phospho- 
ats of tide was eluted in the same fraction as lecithin. A material, lipids, and cholesterol). This effect was very marked after 10 
study: referred to as phospholipid I, which was eluted with chloroform, days of dietary treatment (Fig. 3) and the levels remained low 


¢.p.m. contained none of the common nitrogenous components. thereafter. 

ose-1- The major increase in hepatic fat after ingestion for 10 days of Incorporation of Acetate-2-C'\—The fat content and uptake of 
wart the purified diet supplemented with 1% of orotic acid occurred labeled acetate into various organs was studied in animals which 

va . 


in the triglyceride fraction (Fig. 2). The minor diglyceride com- had been fed the purified diet or the purified diet supplemented 
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Fig. 2. Fractionation of lipids with silicic acid. Hepatic lipids 
were extracted as described under ‘‘Methods”’ and the dried solu- 
tions in petroleum ether solution were applied to 20-g columns of 
silicic acid. The arrows mark the points of solvent changes and 
the identity of each fraction is indicated as follows: A, sterol 
esters; B, triglycerides; C, free sterols; D, diglycerides; Z, mono- 
glycerides; F, phospholipid I, G, cephalin; H, lecithin; J, sphingo- 
myelin; and J, lysolecithin. 


with orotic acid for 10 days (Table III). Although the changes 
in the content of neutral fat and phospholipid of the organs from 
rats eating the diets containing orotic acid showed no general 
trend, the specific activities were depressed in every case. In the 
liver, however, the depression in the specific activity of neutral 
fat was merely a reflection of the marked increase in neutral fat 
content; in fact, expressed in terms of total incorporation, there 
was a large increase. The high specific activity of the intestinal 
fat is of interest because the intestine has been implicated in the 
formation of fatty livers during choline deficiency (17). 

In subsequent experiments, the distribution of radioactivity 
in the hepatic lipids, 6 hours after injection of acetate-2-C™, 
was examined in animals which had ingested either purified or 
orotic acid-supplemented diets for either 3 or 10 days (Tables 
IV and V). After 3 days there was an increase in the total 
amount of radioactivity derived from the labeled acetate which 
entered the phospholipids (per gram of liver), whereas at 10 days 
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incorporation was diminished, as reported previously (3). After 
either 3 or 10 days, uptake of acetate-2-C™ into the triglyceride 
was greatly stimulated, an effect which accompanied the eleyg. 





tion in triglyceride content which has already been noted, but 
which was not seen earlier than 3 days. 

When the uptake of acetate-2-C™ into the hepatic lipids of 
animals fed adenine-supplemented diets or dog chow was ex. 
amined, different patterns were seen (Tables IV, V). 
of 1% 
infiltration of the liver (2), although there is a wide margin of 


TABLE I 


Composition of hepatic lipids after 10 days on 
experimental diets 


Inclusion | 
orotic acid in dog chow usually does not lead to fatty | 


Rats were maintained on the indicated diets for a period of 10 | 
days, killed, and the fat extracted from the livers with ether. | 


ethanol and finally dissolved in petroleum ether. 
then fractionated on 20-g silicic acid columns, as described under 
‘‘Methods.”” Purified diet is indicated by C, dog chow by DC, 
and purified diet with 0.25% adenine sulfate by Ad. Inclusion of 
1% orotic acid in these diets is indicated by OA. Values are 
given as percentages of the total fat recovered from the columns, 
Each experimental point represents the average of two experi- 
ments involving at least four animals. 





| Percentage of composition 
































Component 
DC + Ad 

| C |C+0OA) DC OA Ad | “ot 
Sterol esters............ | 3.4 | 0.4) 1.9 | 241 1.3) te 
Triglycerides........... 1.1 | &.1 | 17.3 | 57.8 | 11.2 1 8 
Free sterols.............| €8 | @.7) 40] 3:5) 4:2.) §8 
Diglycerides............ | 1.7] 1.5] 2.5] 16] 1.9] 23 
Monoglycerides......... l<o.1| 0.1| 3.1! 7.8] 1.0] 19 
Phospholipid I..........| 0.7} 0.2] 0.3] 0.3| 0.6] 0.6 
III. < a. 5 oc erndvcce: | 26.3 | 3.0] 21.3 | 12.3 | 26.2 | 23.9 
pO eee re 46.9 | 7.3 | 43.6 | 16.5 | 44.4 | 45.7 
Sphingomyelin.......... | 3.4] 0.4| 1.5] 0.4] 6.8 | 4.2 
Lysolecithin............ | 1.7 | 0.3) 4.7] 06] 2.7) 21 

| | | 
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Chromatographic analysis of fatty acids from hepatic lipids 
obtained after 10 days on experimental diets 
Lipid fractions were isolated by chromatography on silicic acid 
columns, and samples were converted to the fatty acid methyl 
esters. The data, which are the average of two experiments 
involving at least four animals each, are expressed as percentage 
of the total fatty acid ester eluted from the column. 





Percentage of composition 
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Triglycerides Diglycerides Phospholipids 

Fatty acid ester 
Purified Purified Purified 
'Purified | M+ [purified | tet + | Purified | “t+ 
| diet orotic diet orotic diet orotic 
acid acid acid 
IEE 55. os wre Hiri nines | 20.4 | 21.1 | 38.7 | 20.8 | 20.5 | 24.9 
POMMUGIGlC . ..... e600 ccee 9.3 8.6 4.4 | ¥O.2 3.0| 4.8 
Ee eee |} 1.4 4.4) 9.6 3.5 | 30.0 | 18.4 
a. een eee 37.0 | 39.9 | 25.4 | 37.4 | 14.4 | 13.8 
Ene eee ae 110.6 | 7.6) 2:9) S22 182 )as 
Arachidonic. .... 1.5 | 1.4 }<0.5 <0.5 | 17.4 | 20.7 
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After ry or orotic acid-supplemented diet for 3 days were compared, the 
rides 7 uptake of radioactivity per gram of liver, especially into tri- 
eleva. 7 TOF glycerides, was considerably elevated after treatment with 
1, but orotic acid (Table VI). Incubation of untreated slices in media 
2 + 60; containing either orotic acid or orotic acid and adenine sulfate 
ids of (Table VI) showed some elevation in incorporated radioactivity, 
aS ex. | 2 OF on 50+ but the results were of doubtful significance in view of the 
lusion | ui complications arising from permeability. 
fatty 2 oF 2 sob Incorporation of Stearate-1-C'*—Two groups of four rats each 
gin of ¥ 2 were fed either purified diet or purified diet containing 1% orotic 
£ el e 30F acid for 5 days and then were given intraperitoneal injections of 
3 A ” = 1 ue of sodium stearate-1-C' (2.37 uc per mole) 1 hour before 
| Fi 2 sol killing. The total radioactivity of the extracted lipids per gram 
g of liver did not differ by more than 3% between control and orotic 
1 of 10 | 3 . mf acid-treated animals; however, after fractionation, incorporation 
ether- os . A into triglycerides was found to be increased by 90%, and that 
ut was | 8 into phospholipids was reduced by 38% in animals which had 
under TOTAL FATTY ACID CHOLESTEROL LIPID P been fed the diet containing orotic acid. These results, which 
y DC, po. indicate a redistribution rather than a change in the net uptake 
ion of : saci ‘ ; .._ of precursor, may be correlated with the changes seen by gas 
eS are Fig. 3. Changes in serum lipids induced by ingesting orotic : j 
umns, | acid. Rats were fed purified and orotic acid-supplemented diets chromatography, namely, an increased stearate content in 
Xperi- for 10 days before sacrifice. The experimental values on the two _ triglycerides and decreased content in phospholipids. 
| diets are indicated as follows: A, purified diet and B, purified diet Incorporation of Phosphate-P*—In rats which had been fed the 
ia containing 1% of orotic acid. purified and orotic acid-supplemented diets for 3, 7, and 10 days, 
>a ae ; the specific activity of the phospholipid fraction was determined 
a | individual response. It is interesting that at both 3 and 10 days, § hours after the injection of 20 uc of sodium phosphate-P®. In 
Oa the rats fed dog chow displayed a much higher specific activity in yo case was there more than a 12% decrease in the specific activ- 
—— _ the sterols and sterol esters than in those fed a purified diet. ity of the phospholipids from the rats ingesting orotic acid, as 
1.4 Increased incorporation into hepatic triglycerides occurred in compared to those given the purified diet. 
Bs animals receiving dog chow supplemented with orotic acid and Experiments on Release of C%O.—The ability of liver slices 
: pt » a 1 ee : from animals which had been maintained for 3 days on purified 
1.9 on a iiss nin od He sf addi : Although diet, or on purified diet with 1% orotic acid, to metabolize ace- 
0.6 om —e ones er earns ean nee ener ee, ee ee tate-2-C™“, stearate-1-C™, and glucose-1-C“ to C“O. was de- 
the total incorporation of radioactivity into the hepatic lipids of 7 : ck Sue 
23.9 : : . : termined. No increase was observed in either the activation of 
45.7 animals ingesting for 10 days a purified diet supplemented with se eosin + dns einai id cycle (CHO 
42 orotic acid and adenine was the same as that for animals given ®°°'#Ue Or the u ee ee ee ig 
2.1 the diet supplemented with orotic acid, the percentage of the from acetate-2-C™4), or in the B-oxidation of fatty acids (C 0: 
Bhai counts in the phospholipids was very much greater (Table V). from stearate-1-C™), but results which were suggestive of a 
Liver slices from rats fed a purified diet, both with and with- slight decrease in the hexose phosphate shunt were obtained. 
out orotic acid supplementation, incorporated acetate-2-C™ into Slices (100 mg) from animals fed the purified diet liberated 460 
ids | lipids. When slices from animals which had been on the control mmoles of C“O, per hour per g of liver from glucose-1-C™ 
ic acid TaBLe III 
nethy! Lipid content and acetate-2-C'4 uptake into various tissues 
ments Animals were fed the following experimental diets for 10 days before they were killed: C, purified diet and OA, purified diet to which 
pntage had been added 1% of orotic acid. Each rat received 2.0 uc of acetate-2-C'4 (1 ue per umole) intraperitoneally 6 hours before it was 
we: 3 killed. The total fat extract from each tissue, in solution in petroleum ether, was kept at 0° overnight with 8 volumes of acetone to 
precipitate the phospholipid. The content of lipid is expressed as percentage of tissue weight, and specific activity is given as c.p.m. 
per mg of lipid. Figures are derived from analyses of tissues from eight rats. 
olipids Neutral lipids Phospholipids 
Purified : ‘ as : se 
diet + Tissue Content Specific activity Content Specific activity 
1% 
= | c OA | c | OA ¢ | OA c | OA 
24.9 % | c.p.m. per mg % c.p.m. per mg 
48 EE OAL 1.5 2 | me | wa 3.1 3.5 10.7 3.8 
8 2. cn csen see doses 2.1 2.0 47.9 | 2.3 a. 12.1 8.7 
13.8 CE eee 3.5 ss | ss | 2.4 08 | 1.0 4.2 2.9 
125 iia Nish cian einen 4.5 | 4.5 | us 6) l 1.3 | 1.3 20.9 11.6 
20.7 | Perirenal adipose tissue........ 59.5 16.7 | 4.5 | 1.6 1.5 | 1.4 3.0 1.9 
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TaBLe IV 


Incorporation of acetate-2-C'4 into hepatic lipids in vivo 


The animals were fed the following diets for 3 days: C, purified 
diet; Ad, purified diet supplemented with 0.25% adenine sulfate; 
and DC, dog chow. OA, in combination with the above symbols, 
indicates the addition of 1% orotic acid to the complete diet. 
After dietary treatment, the rats were given intraperitoneal injec- 
tions of 2 ue of sodium acetate-2-C™ (11.7 ue per mole) and killed 
by decapitation 6 hours later. Fats were extracted from the 
livers, as described under ‘‘Experimental Procedure,”’ dried over 
anhydrous sodium sulfate, and adsorbed on 20-g columns of silicic 
acid. Elution was carried out with ethyl ether-petroleum ether 
and methanol-chloroform systems. Results represent the means 
of two experiments, each involving at least four animals. 














Incorporation 
Fraction | | 
| ¢ |c+0A) Ad | a" | ue | %,* 
puumoles/g liver 
Triglycerides............. 83 | 1176 | 128 | 239] 204! 271 
Diglycerides.............. 11; 36; O|} O| HH} 2B 
Free sterols.............. | 27) 30/ 46| 51| 450| 714 
NE | 195 | 395 | 219 | 143 | 187 | 155 
je ee | 325 | “452 | 251 | 337 | 301 | 256 
Total liver lipids......... | 867 | 2176 | 787 | 1093 | 1322 | 1792 
TABLE V 


Incorporation of acetate-2-C'* into hepatic lipids in vivo 
Rats were fed the indicated diets for 10 days. For details of 
the procedure and the expression of data see Table IV. 

















| Incorporation 
Fraction o 
| c e+e" Ad | a+) wc |*E* 

—_ | pumoles/g liver 
Wr yeeres . . 6055025. 75 | 1158 | 173 | 365 | 208| 647 
Diglycerides.............. | 4| 23| s8| 18] 5| 51 
Pree sterols... .. 2.6.2.5: 40 | 74 | 24 63 769 526 
eins. ..............2 | 166 | 100 | 264| 562] 124| 95 
pS ee 412 | 325 | 359 | 1450 | 403 | 238 
Total liver lipids......... | 740 | 05 | 966 | 2210 | 1723 | 1685 








whereas those obtained from animals ingesting the orotic acid- 
supplemented diet for 3 days liberated only 330 mumoles of 
CO, per hour per g of liver. 

Vitamin Content of Livers—Microbial assays of liver samples 
for riboflavin, niacin (18), and thiamine (19) showed that, per 
gram liver, there was a decrease in all three compounds in the 
orotic acid-fed animals, as compared to those given the purified 
diet. However, in terms of total organ content, only niacin 
showed a significant decline (825.1 + 33.6 ug in livers from rats 
fed purified diet, as compared with 594.0 + 63.2 ug for orotic 
acid-treated rats). 


DISCUSSION 


Since the original finding of Standerfer and Handler (1) that 
neutral fat accumulates in the liver of rats after 28 days on a 
diet containing 1% of orotic acid, fatty infiltration has been 
shown to be very extensive after much shorter periods and to 
be prevented by adenine (2). The present work serves to em- 


Fatty Livers Induced by Orotic Acid 


Vol. 236, No.7 


phasize the speed with which high levels of liver fat are attained. 
The analytical data now available indicate that it is the tri- 
glyceride fraction which is elevated, and that small amounts of 
adenine prevent this increase. Furthermore, the fat which 
accumulates does not seem to differ significantly from normal 
fat in its fatty acid composition. 

A number of possibilities concerning the mechanism of fatty 
infiltration present themselves for consideration. These include 
changes in fat transport, liver damage such as is seen in carbon 
tetrachloride poisoning, decreased transformation and catabolism 
of neutral fat, and stimulation of lipid synthesis. 

The first mechanism, modified lipid transport, has indeed been 
implicated in the fatty infiltration of the liver which accompanies 
choline deficiency. Although stimulation of fat synthesis occurs 
in such a liver (20), there is also evidence that the intestine may 
be the source of much of the extra fat, which is then accumulated 
in the liver because of some defect in fat transport from this or- 
gan (17). In the present studies the fat in the intestine had a 
higher specific activity after parenteral injection of acetate-2-C¥ 
than did that in the liver (47.9 as compared with 35.6 c¢.p.m. 
per mg), but orotic acid lowered the incorporation into the 
intestinal fat. Dietary orotic acid has previously been shown to 
reduce the level of serum cholesterol in rats fed a hypercholes- 
terolemic diet (21). However, the present data show that the 
inclusion of orotic acid in the diet markedly reduces even normal 
serum cholesterol levels. Furthermore, the reduction in other 
circulating lipids is even more marked and any program for the 
use of orotic acid in the control of atherosclerotic lesions should 
consider this lack of specificity and the possible hazard of fatty 
infiltration of the liver. Determinations of serum lipids after 
shorter exposures to a diet containing orotic acid revealed smaller 
differences between control and treated animals and it would 
seem that the effect accompanies rather than precedes fatty 
infiltration. Furthermore, the fall in circulating sterols does not 
result in their accumulation in the liver, so the reduction in 
other serum lipids need not necessarily be the cause of deposition 
of fat in that organ. Nevertheless, the induction and mainte- 


TaBLeE VI 

Incorporation of acetate-2-C'4 into hepatic lipids in vitro 
In Experiment I, the tissue slices were prepared from the livers 
of animals which had received purified diet (C) for 3 days and 
those whose diet included 1% orotic acid (OA). In Experiment 
II, all slices were derived from the livers of animals fed on the 
purified diet for 7 days. Incubation media consisted of 5 ml of 
Krebs III buffer (7) containing 0.2 ue of acetate-2-C' per ml and 
the flasks were shaken at 37° for 1 hour. In Experiment II, one 
group of flasks (OA) contained 0.8 umole of orotic acid per ml, 
whereas another group contained 0.8 umole of adenine sulfate per 
ml, in addition to the orotic acid (Aden. + OA). The results are 

the means of two experiments, each involving four animals. 





Incorporation 





Lipid fraction Experiment I Experiment II 





| Ades. + 
Cc | OA c | oa |"S 


| 





pumoles/g liver 





Triglycerides............. 466 | 730 | 513 | 713 | 718 
Do 42 80 | 12 | 39 | 3 
118 | 122 | 385 | 477 | 299 


Phospholipids............ 
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nance of a fatty liver may well play some part in the pronounced 
drop in serum lipids. However, evidence derived from experi- 
ments on the incorporation of labeled precursors strongly suggests 
that such a change in fat transport is not the primary mechanism 
of fatty infiltration. 

Acute liver toxicity does not seem to be the reason for fat 
accumulation, because animals have been maintained on a diet 
containing 1% orotic acid for more than 200 days without any 
sign of necrosis or other impairment of liver function, despite fat 
contents sometimes in excess of 30% of the wet weight of the 
liver. Although it might be assumed that a reduction in fatty 
acid oxidation or in the conversion of neutral fat to phospholipid 
would allow accumulation of triglycerides in the liver, measure- 
ments of the evolution of C“O. from labeled stearate through 
g-oxidation of fatty acids by slices of liver indicate no change in 
| this reaction sequence. Reduction in the conversion of neutral 
lipid to phospholipid would seem to be an attractive hypothesis 
in view of the diminution in the incorporation of acetate-2-C™ 
into phospholipids, together with a marked fall (seen at 10 days) 
in the ability of particle-free supernatant fractions to convert 
uridine 5’-phosphate to cytidine derivatives (3) which are required 
| for phospholipid synthesis (22-24). However, neither of 
these changes was seen in the initial phases of fatty infiltration 
and so they cannot be considered as the primary factors, even 
though they may be of importance in the subsequent accumula- 
tion of triglycerides. The data on phosphate-P® incorporation 
support an alternative explanation of the observed pattern of 
acetate-2-C“% uptake. Synthesis of phospholipids from neutral 
fat might be unchanged, but the specific activity would depend 
upon that of the precursors. If fatty acid synthesis from acetate 
were increased initially, there would be an increased incorporation 
of labeled acetate, but with the elevation in the size of the tri- 
glyceride pool (presumably in equilibrium with diglycerides), 
dilution of the radioactivity would occur and the specific activity 
of the phospholipids would fall. The conclusions from this 
interpretation of the data would be that changes in phospholipid 
synthesis are prominent during the early phases of fatty infiltra- 
tion. 

Thus, the data on the incorporation of labeled precursors in- 
to the liver fat, both in the whole animal and in tissue slices, 
| suggest that it is lipid synthesis de novo which is elevated. The 

fact that the total uptake of C™-stearate in vivo does not differ 
in control and orotic acid-treated animals suggests that the 
stimulation of lipid formation occurs at some place in the reac- 
tion sequence before the formation of long-chain acyl-coenzyme 
A derivatives, a deduction which has been confirmed by experi- 
, ments at the enzymatic level. The reduction in the niacin 
content of the liver may reflect a deficiency of pyridine nucleo- 
tides and work is in progress to determine the exact site and mode 

of action of orotic acid upon the fatty acid synthetic system. 
The present studies do not offer an explanation of the mode of 
action of dietary adenine or the substances in dog chow which 
prevent the fatty infiltration of the liver caused by orotic acid. 
) Acommon feature of these two regimens is the far less pronounced 
_ tise in the incorporation of acetate into the triglycerides than 
that which is seen when orotic acid is fed with the purified diet. 
Whether the crude diet and adenine operate by the same or by dif- 
ferent mechanisms cannot be stated with certainty, although the 
nutritional studies reported previously (2) suggest that the same 


*W. A. Creasey, unpublished results. 


oe 


YIM 


process is involved, inasmuch as meat and fish meal, which con- 
tain considerable amounts of nucleic acids, are present in dog 
chow. The differences seen in the lipid patterns may result 
from adenine being present in only borderline concentrations in 
the dog chow diet, whereas the adenine diet contains a definite 
excess. It should be noted that lower concentrations of adenine 
sulfate, 0.12%, also afford definite protection. 

The markedly greater incorporation of acetate into the sterol 
fractions from animals fed dog chow, as contrasted with the 
corresponding lipids from rats ingesting other diets, suggests that 
some factor other than the adenine content is operative. It can- 
not yet be determined whether dog chow contains a material 
which stimulates sterol synthesis, or whether the difference is 
caused by a depression of the normal rate of synthesis by factors 
present in the purified diet. Corn oil, which is present in the 
latter diet, is known to exert a hypocholesterolemic effect, pos- 
sibly because of factors present in the unsaponifiable fraction 
(25), and it may be that the corn oil is able to influence hepatic 
sterol synthesis as well. Nevertheless, it is possible that the 
very active sterol-synthesizing system of animals ingesting dog 
chow plays some part in preventing infiltration of the liver with 
triglycerides when orotic acid is added to the diet. 

In conclusion, it seems that the purine and pyrimidine com- 
position of the diet profoundly affects lipid synthesis and mobili- 
zation in the liver. Equally marked is the effect upon serum 
lipid levels. The data could be interpreted as affording evidence 
for the operation of control mechanisms which regulate lipid 
metabolism through the levels of nucleotides in the tissues. 


SUMMARY 


Rats fed a purified diet supplemented with 1% of orotic acid 
developed an extensive accumulation of triglycerides in the liver, 
an effect nullified by dietary adenine and diminished if the ani- 
mals were receiving dog chow instead of purified diet. Incorpora- 
tion of radioactivity derived from acetate-2-C™ into the liver 
triglycerides in vivo was increased 15-fold in animals ingesting 
orotic acid with a purified diet, a result reflected in increased 
uptake of carbon 14 into the saponifiable lipids of liver slices 
from such rats. Inclusion of adenine in the diet prevented this 
stimulation of incorporation of acetate-carbon into triglycerides, 
but led to greater activity in the phospholipids. Incorporation 
of phosphate-P® and stearate-1-C™ into the liver lipids was un- 
changed. Among the nonlipid components, the niacin content 
was reduced. Accompanying these hepatic changes, in those 
rats eating the low-fat purified diet supplemented with orotic 
acid, there was a dramatic fall in the serum levels of all classes of 
lipids. 
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When a resting skeletal muscle is treated with cold perchloric 
or other acid extracting agent, and the solution is analyzed with 
one of the standard methods for inorganic phosphate, values are 
obtained that differ for various kinds of muscle, but have been 
reported as about 5 umoles per g for the sartorius muscle of the 
frog (1; seealso Tables IV and V). For several reasons, we have 
felt the need to investigate whether such analyses truly represent 
the inorganic phosphate level in the muscle cell. Potentially, 
phosphate could act as a rate-limiting factor for phosphorylative 
reactions (2, 3), but this would probably require lower concen- 
trations of phosphate than indicated above. Secondly, reported 
failure to demonstrate a decomposition of either adenosine tri- 
phosphate or phosphocreatine in brief contractions (4-7) war- 
rants the search for other participating high energy substances, 
which might be phosphate compounds so labile as to be decom- 
posed, and appear as inorganic phosphate after the customary 
extraction and assay procedures. Finally, Stella (8) has esti- 
mated from the phosphate distribution between a muscle and 
its medium that the internal phosphate activity might be well 
below the analytical concentration as it was known at that time. 

In the present study, we have developed new methods for 
extracting the muscle at rest or in activity, and made use of 
more selective procedures for the determination of the true inor- 
ganic phosphate. It was found that phosphate is present in 
much smaller amounts than has previously appeared. 


EXPERIMENTAL PROCEDURE 


Muscles—Sartorius muscles of Rana pipiens were obtained by 


careful dissection and were left to recover in oxygenated bicar- 
bonate-CO.-buffered Ringer solution, as described previously (1), 
for 1 hour at room temperature, followed by 2 hours or more at 
0°, or for prolonged periods in the cold alone. The muscles were 
either handled pairwise while attached to the pelvic bone, or 
were separately tied at the pelvic tendon. In this work, they 
were soaked in a phosphate-free medium; the dependence of the 
analytical values upon the phosphate content of the medium, 
and other variables, remain to be investigated separately. 
They were either frozen directly in isopentane at about —180°, 
or were mounted on an electrode assembly in the gas phase and 
frozen after a further rest period or after stimulation, by rapid 
immersion into the cooling medium (9). The wet weight was 
determined at this stage; the analytical results were calculated 
with respect to this, and were not evaluated otherwise (10). 


* This work was performed with support of grant # H-3067 from 
the National Heart Institute, The National Institutes of Health. 


Extraction—The extraction of such muscles started by powder- 
ing them finely, by enclosing each muscle (not to exceed 150 
mg) in a stainless steel cartridge with ball (Fig. 1), all cooled in 
liquid nitrogen, which was shaken for about 1 minute on the 
vibrating leafspring of a Mickle disintegrator (H. Mickle, 
Gomshall, Surrey, modified by special adaptors for holding these 
cartridges and shaking them longitudinally). For low tempera- 
ture extraction with ethanolic and similar media, extracting agent 
at the selected temperature was added; after closing, the car- 
tridge was again shaken on the vibrator, and then kept with 
occasional shaking in a bath at the selected temperature, usually 
—40°. In this case, the first extraction was made with 30 vol- 
umes of 75% ethanol, followed by 3 or 4 treatments with 65% 
ethanol, or by successive treatments with 70, 60, 60, and 60% 
ethanol, respectively, each lasting for 15 minutes; higher tem- 
peratures, to —20°, were often used in the later extractions. 
Centrifugation was carried out at 20,000 x g at —20° for 10 
minutes. 

For extraction with perchloric acid at 0°, the cartridge was 
warmed up to —15° in an ethanol bath of that temperature, 
opened, and placed (Fig. 1) on a block of aluminum immersed 
in the same bath. Then 30 volumes of 0.25 N perchloric acid, 
that had been stored in crushed ice, were added. With the given 
heat capacities of the components, the temperatures were so 
chosen that a part of the extracting agent, primarily the first 
portion layered upon the powder, froze. The cartridge was 
then closed and shaken as described before, during which the 
frozen extracting agent melted and penetrated the thawing 
muscle powder. A re-extraction was performed in the same 
way, but now at 0° throughout. The extracts were promptly 
neutralized with KOH, and the combined solutions were brought 
to volume. 

After these extractions, the cartridges themselves served as 
centrifuge tubes (at 10,000 x g) and, apart from the pouring 
off of extracts while the steel ball was held with a rod, no trans- 
fers took place. 

Various Analytical Methods—The standard analytical pro- 
cedures for phosphate of Fiske and SubbaRow (11) and of Beren- 
blum and Chain (12) as executed by Ennor and Stocken (13)), 
usually at reduced volumes, were performed as prescribed by 
those authors. Determinations of creatine and phosphocreatine, 
mentioned incidentally, were done with methods in regular use 
in this laboratory (1, 14). 

Quantitative Precipitation of Inorganic Phosphate—Based upon 
earlier investigations by Fiske and SubbaRow (15) and Lipmann 
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Fig. 1. Diagram of the cartridge used for low temperature pow- 
dering of muscle. In the position shown, the cartridge is being 
assembled for extraction with partly frozen perchloric acid, as de- 
scribed in the text. 








and Tuttle (16), a method for precipitating P; as the calcium 
salt was developed, as follows. 

The precipitant was a 1% suspension of Ca(OH): (made by 
precipitation from purest grades of CaCl, and NaOH, and 
washed until completely P-free) in 1% CaCle, shaken thoroughly, 
and then filtered. This was prepared daily; COs. was excluded 
as much as possible from the reagents and during the manipula- 
tion. 

In a 15-ml conical centrifuge tube, 2 ml of tissue extract (see 
below) or phosphate solution were adjusted to pH 8.5 (phenol- 
phthalein) with 0.1 n NaOH (kept in a polyethylene bottle and 
tested for absence of phosphate); then, 0.5 ml of Ca(OH), solu- 
tion followed by 0.2 ml of 0.05 m NaHCOs, and water to a final 
volume of 3 ml were added in the cold. A faint turbidity oc- 
curred, which was centrifuged down at 3500 r.p.m. for 15 mim- 
utes after 15 minutes in ice. The solution was discarded, and 
the tube was washed with 2 ml of 10% ethanol, saturated with 
Ca(OH)., without stirring up the precipitate. 

Each precipitate was dissolved in 1 ml of 0.25 N HCl, and an 
aliquot (preferably containing 0.05 to 0.2 umole of P) was trans- 
ferred into a 60-ml separatory funnel and mixed with molybdate 
and acid; or else, the washed precipitate was directly dissolved 
in 0.5 ml of acid molybdate (made by mixing 10 ml of 5% NaCl, 
5 ml of 1% ammonium molybdate, and 5 ml of 1 n H.SO,) and 
transferred quantitatively into the funnel by one washing with 
0.5 ml of the same reagent and two washings with 0.5 ml of water. 
The aqueous phase was then extracted with 4 ml of isobutanol 
by shaking for 20 seconds at room temperature, discarded, and 
the isobutanol phase washed twice with 1.5 ml of 1 N H.SO,; 
this layer was then shaken for 1 minute with 4 ml of stannous 
chloride solution (0.5 ml of 25% SnCle in concentrated HCl, 
diluted to 100 ml of 1 n H.SO,), whereupon the isobutanolic layer 
was collected and brought to 5 ml in a volumetric flask with 
ethanol, centrifuged if turbid, and the optical density deter- 
mined at 650 mu. Recovery experiments with P® have shown 
that this centrifugation causes no significant loss of inorganic 
phosphate. 

A blank and standard were run with each series. 

Recovery of Phosphate—In experiments with pure phosphate 
solutions and with artificial mixtures (Table I), it was found that 
amounts of P; of the order of 0.05 umole were quantitatively 
recovered from the indicated volumes, and that a large excess 
of phosphocreatine did not interfere with this, nor add P to the 
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analyses; in keeping with this, no creatine could be demonstrated 
in the redissolved precipitates, with a limit of detectability of 
about 0.01 umole. ATP and other more stable compounds may 
coprecipitate, but this is of no consequence; no phosphate was 
detected when 0.5 umole of ATP was precipitated under the 
described conditions. 

Analyses of Muscle Extracts—The same method was applied to 
extracts obtained with ethanol at— 40° and with perchloric acid at 
0°, as described. In the latter case, the neutralized extracts 
were used as such; in the former, the ethanolic solution was 
evaporated in a vacuum in a rotary evaporator with Dry-Ice 
trap, to a residual 0.2 to 0.3 ml, which was taken up in 5 ml of 
water and centrifuged for 10 minutes at 20,000 x g at 0°. 

Table II gives analyses of such extracts for several constit- 
uents. It is seen that, within reasonable limits of reproduci- 
bility, the two extraction procedures give equal yields of free 
creatine and phosphocreatine. 

As will be shown in detail in later sections, the phosphate 
contents of such ethanolic extracts were of the order of 1 umole 


TABLE I 
Precipitation of inorganic phosphate with CaCl.-Ca(OH), 
Examples of the recovery of phosphate from pure solutions of 
inorganic phosphate, and in the presence of an excess of phospho- 
creatine. Procedures in the text. 





| P-creatine Phosphate Corrected for 











Phosphate added added recovered |P in P-creatine| Recovery 
pmole umole pmole umole q% 
0.052 0.048 | 93.0 
0.129 0.128 | 99.3 
0.064 0.067 | | 103.8 
0.104 0.097 | | 93.5 
0.052 1.00 0.051 | | 98.0 
0.00 1.00 0.000 | 
0.052 1.00 0.070 | 0.050 | 96.0 
0.00 1.00 0.020 | | 

TaBLeE II 


Determination of total creatine, free creatine, and, by difference, 
phosphocreatine in low temperature ethanolic and 
perchloric acid extracts 





‘stracti at : on Phosphocreatine 
Extraction Total creatine | Free creatine (by difference) 





pmoles/g 
Ethanolic.......... 25.7 6.4 19.3 
Perchloric acid..... 26.3 6.6 19.7 
Ethanolic....... B4 | ts 18.9 
Perchloric acid............ 21.8 4.1 17.7 
Ethanolic............. 22.4 | 5.0 17.4 
Perchloric acid... 22.4 5.3 iz 
Ethanolic..... 23.6 5.6 18.0 
Perehloric acid............ 23.2 5.4 17.8 
Ethanolic.... 17.1 | 65.1 12.0 
Perchloric acid 17.8 | 4.9 12.9 
Mibaneiie............. 23.3 | 4.1 19.2 
Perchloric acid........... 23.5 4.4 19.1 
Ethanolic....... 25.8 5.9 19.9 
Perchlorie acid 26.6 5.9 19.4 
Ethanolic. . 24.4 6.2 18.2 
Perchloric acid 24.5 6.7 17.8 
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TaBLe III 


Recovery of inorganic phosphate added to ethanolic muscle 
extracts before precipitation of phosphate with Ca** 


——- 








| Recovery 
| Pj found | of Pi 
| | added 
| umole 

Extract, 2 ml + Pi, 0.0645 umole...... | 0.1435 


Extract, 2 ml, without addition........ 0.0788 | 0.647 (100.3%) 


Extract, 2 ml, + Pi, 0.129 umole.......| 0.204 
Extract, 2 ml, without addition........ | 0.079 | 0.125 (97.3%) 





per g of muscle, whereas those in perchloric acid extracts were 
in excess of this. The recovery of added phosphate was com- 
plete (Table III). 

Recovery of Isotopic Phosphate—This analytical recovery does 
not, however, completely eliminate the possibility that the low 
phosphate analyses arose from incomplete precipitation, since 
our extraction procedure might have caused the admixture of a 
substance preventing the precipitation of a limited quantity, 
without hindering that of any phosphate in excess of this amount. 
For a more definitive test, we have investigated the recovery of 
added carrier-free P®; its addition would not alter the analytical 
composition, whereas in cases of its incomplete recovery, the 
procedure could still be used as an isotope dilution method. 

To this end, a suitable amount of carrier-free NasHP”O,! in 
10 ul of 0.002 m NaCl was added. The precipitation was then 
performed as usual, and the precipitate was dissolved in 1 ml of 
0.25 n HCl. One aliquot of this was used for the analytical 
determination, one 0.1 ml sample was evaporated on thin tissue 
paper on a planchet for counting, and sometimes an identical 
sample was plated with the addition of a proportional amount 
of P® for a direct measure of the self absorption. Some data 
are collected in Table IV, to which we add the following com- 
ments. 

The values obtained for the true phosphate content of muscle 
differed for different batches of frogs, but the data listed here 
were of the order of 1 umole per g, in good agreement with the 
estimates obtained with the butanol extraction method upon 
extrapolation to zero time (see below), but with greater precision 
in the individual measurements. In view of the good and re- 
producible isotope recoveries, they are to be regarded as repre- 
senting a complete accounting of all the true phosphate in the 
extract, but it is not excluded that unknown highly labile phos- 
phate compounds may be included, so that the results might 
still be too high. However, as observed, phosphocreatine is not 
included in the precipitates. 

Dependence of Phosphate Contents on Treatment of Material— 
Although no extensive comparative or physiological studies have 
been performed, some orienting observations have indicated that 
the true inorganic phosphate content is far from constant. 
Thus, it was found that in frogs kept at room temperature in- 
stead of at 3°, but with otherwise identical treatment of the 
muscles, the results were markedly higher, 2 to 3 umoles per g. 
Examples are given of the formation of phosphate after iodoace- 


‘We are indebted to Professor Raymond L. Libby, Department 
of Radiology, for having supplied us regularly with the required 
amounts of this material. 
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tate poisoning (Table V). The procedure was also applied to 
turtle muscles, giving comparable results (Table VI). 

Labile Phosphate Compound—Brief mention has been made of 
the higher phosphate yields in perchloric acid extracts, and this 


TaBLe IV 
Isotope test for completeness of phosphate precipitation 

Recovery of isotopic phosphate added before the precipitation 
of inorganic phosphate from frog muscle extracts, with the proce- 
dure given in the text; Experiments 9 to 11 refer to muscles from 
frogs kept for a few days at 0-2°, the others were from 4-5°. In 
Experiments 1 to 6, there was also an analysis for ‘“‘apparent 
phosphate’’ by the isobutanol method, without correction for 
phosphocreatine breakdown. 


























| paz 
=" ee | ale Recovery 
| Added _ |Recovered 
| pmoles/g c.p.m. % 
1 5.3 0.89 1510 1541 102 
: 5.4 1.38 1273 1210 95 
3 §.1 0.85 3250 3070 94 
4 | 6.7 1.56 1404 1480 105 
S| 4.7 1.51 2060 1965 95 
e |” oF 1.37 2655 2730 103 
7 1.56 2184 2230 102 
8 1.52 1916 1935 101 
9 0.65 1860 1900 102 
10 0.76 5245 5200 99.5 
11 0.38 3650 3954 108 
12 | 1.41 2751 2774 101 
TABLE V 


Examples of phosphate and creatine analyses in iodoacetate poisoned 
frog sartorius muscles at rest and after exhaustion 




















Apparent P True P Creatine 
pmoles/g pmoles/g pmoles/g 
ORRIN? 02: ',.2:56 ent eaks 4.85 0.79 5.5 
De, See 15.7 16.0 27.5 
Cn ES re 5.08 0.63 6.3 
i | 17.35 16.0 26.5 
TABLE VI 


Determination of true inorganic phosphate (P) together with free and 
total creatine in ethanol extracts of turtle muscles 











Experiment Muscle “Bhospho- Creatine | Tporganic 

umoles/g umoles/g | pmoles/g 
1 Sartorius 11.4 1.9 2.3 
2 Sartorius 15.9 2.5 2.6 
3 Sartorius 17.0 2.9 3.4 
4 Rectus femoris 13.0 2.4 1.6 
5 Rectus femoris 14.1 2.1 1.6 
6 Rectus femoris 12.9 2.6 1.3 
7 Gracilis 11.0 5 ef a 
8 Gracilis 11.6 2.3 1.6 
9 Gracilis 13.8 2.3 1.8 
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TaBLe VII 
Comparison of inorganic phosphate analyses made with precipitation 
method on alcoholic extracts, on the perchloric acids of residue 
after ethanol extraction, and on direct perchloric acid extracts 
The extracts were not obtained from separately powdered 
individual muscles, but from pooled samples of frog muscle pow- 
der in each experiment. 





Ethanolic 














Experiment No. | Residual Perchloric 
pmoles/g | pmoles/g | pmoles/g 

1 1.61 0.36 | 2.99 
2 1.66 0.09 2.27 
3 1.30 0.24 3.20 
4 0.79 0.22 1.42 
5 1.73 | 0.26 2.75 
6 1.95 0.23 2.88 
7 1.19 0.36 
8 1.30 0.25 
9 0.97 2.52 

10 | 1.37 2.46 

TaBLe VIII 


Examples of effect of acid treatment (15 minutes at 0° in 0.25 N 
perchloric acid) on composition of muscle extracts obtained 
with ethanol procedure at low temperature 

The first three columns show that this acid treatment caused 
no cleaving of phosphocreatine; the other columns show an in- 
crease of phosphate. Analytical values in micromoles calculated 
to refer back to 1 g of muscle. 


! 
| 

















True P; in Muscle 


Vol. 236, No.7 


is shown in Table VII. Extraction of the residue of an ethanolic 
extraction with perchloric acid yielded only small amounts of 
additional phosphate; it is presumed that these should, properly, 
be added to the phosphate analyses, but it is also possible that 
the residual phosphate represents a labile form of phosphoprotein 
or other tissue phosphate. It is noted, however, that the sum of 
the fractions so extracted fell short of the phosphate obtained 
by direct acid extraction of the muscle powder. Hence, the 
high yields in the latter case were not due to more complete ex- 
traction, but to an acid-labile phosphate compound. 

This is further indicated by the finding that acid treatment 
similar to that encountered in perchloric acid extraction (e.g. 15 
minutes in 0.25 N perchloric acid at 0°), when applied to the 


aqueous solutions of the ethanol-extracted materials, likewise 
increased the precipitable phosphate (Table VIII). This was 


not ascribable to phosphocreatine cleaving, because there was no 
equivalent liberation of creatine. The amounts of such acid- 
labile phosphs ate were small in turtle muscle and more sizable, 
but variable (among others, seasonally), in frogs. 
pound will be studied further. 

Examination of Butanol Extraction Method—The communi- 
cated values differed markedly from those current even in the 
recent literature (1), but it could be shown that a careful evalua- 
tion of the butanol extraction method for phosphomolybdate 
gave rise to results in complete accord with those of the phosphate 
precipitation procedure. This comparison was made on etha- 
nolic extracts by studying the effect of time of incubation in acid 
molybdate; it was found that the breakdown of phosphocreatine 
in the reaction exceeded that anticipated, and this was also 
found for pure solutions of phosphocreatine, which showed a 
breakdown of 15 to 20% in 20 seconds of shaking with acid 
molybdate and isobutanol at the ordinary range of room tempera- 
tures near 27°. 

The extent of this error was mainly investigated at somewhat 
reduced temperature, where the time for extraction and separa- 
tion introduced less uncertainty in the definition of the reaction 
times, and we shall present results obtained at 10°. Much lower 
temperatures (7) are not necessarily advantageous, dependent 
on the temperature coefficient of the cleaving of labile phos- 
phates as compared to that of phosphomolybdate formation. 
Fig. 2 shows an experiment on the apparent P yield in muscle 
extract as a function of time of contact with acid molybdate; the 
moment of simultaneous acidification and molybdate addition 


This com- 


1 j j i j 





| Freecreatine | oe ero 
| Change in ae | Change in 
en creatine 7 |_ phosphate 
Before | After | Before | After 
acid | acid = acid | acid - 
ona | 4.26 | 4 —0.10 | 0.99 | 1.24 | 0.25 
i ac | 4.16 | 3 —0.22 | 0.88 | 1.35| 0.47 
ee | | 1.04 | 1.84} 0.80 
ae (3.20) 3.40) 40.20 | 0.85/1.26| 0.41 
Frog. ........ | 6.65 | 6.86 | +0.21 | 1.41 | 1.87} 0.46 
Frog......... 5.00 | 5.06} +0.06 | 0.38 | 0.75) 0.37 
Peeg......... | 4.65 | 4.65 | 0.00 | 0.65 | 1.05 | 0.40 
Turtle........| 1.64} 1.59] -0.05 | 2.09|2.30| 0.21 
Turtle........| 2.23 | 2.28 | 0.00 | 2.56 | 2.88 | 0.32 
Turtle........ | 2.48 | 2.34) -0.14 | 2.64|2.81| 0.17 
z 
7-2 
oO 
a & 
ee) 
a Ff 
a 
ake 
2) 
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°o 
2 2r 
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o fF 
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TIME IN SECONDS AT 10°C. 
Fic. 2. Example of a study of the time course of the apparent phosphate yield from ethanolic muscle extract (expressed in 


pmoles per g of muscle) in an analysis with the isobutanol extraction method performed at 10°. 


Description in the text. 
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was taken as zero time. After different intervals from this, the 
mixtures were shaken with isobutanol for 20 seconds (this time 
being found sufficient for complete recovery of inorganic phos- 
phate even without preincubation with molybdic acid), the 
moment of terminating the shaking being entered as the abscissa 
value. Because of the time required for phase separation, this 
timing was arbitrary, but the course of the lines (Fig. 2) does not 
suggest any material uncertainty as a result of this. 

If such experiments were done with low temperature muscle 
extracts, and the results extrapolated to zero time, results were 
obtained which were frequently of the order of 0.5 to 1 umole 
per g (Fig. 2). Comparisons were made between the velocity of 
apparent P formation in phosphocreatine solutions and in muscle 
extracts with analytically determined phosphocreatine contents, 
and these were in accordance. It was, therefore, found possible 
to determine the true P; content by zero-time extrapolation of 
the curve of apparent P liberation, or by correction, at a stand- 
ard time, for the fractional breakdown of the separately deter- 
mined phosphocreatine. The latter procedure was found to be 
inaccurate, because the correction exceeded the final results, 
whereas the former procedure is laborious; therefore, we have 
limited these studies to this confirmation of the order of magni- 
tude. 


DISCUSSION 


This investigation is based upon the use of aqueous alcohol at 
low temperature for the extraction of very finely powdered 
frozen muscle, besides dealing with techniques to make perchloric 
acid extraction as reliable as possible. Ethanolic extraction for 
the purpose of analyzing nucleotides and phosphorylated com- 
pounds was first used, to our knowledge, by Lange (17) but not 
at such low temperature, and not for inorganic phosphate 
analysis. 

The data communicated in this paper show that, with suitable 
selective analytical techniques, resting frog sartorius muscle 
yields 2 to 3 umoles of inorganic phosphate per g upon extraction 
with perchloric acid, and about 1 umole per g after low tempera- 
ture extraction with alcohol. We regard the latter as the true 
analysis, and note that this is even below the recent work by 
Wollenberger et al. (18, 19) on cardiac, and by Davies et al. (7) 
on skeletal muscle, which gave about 2 umoles. These recent 
results, and especially our present ones, contrast markedly to the 
older values in which, apart from cases in which the extraction 
methods were at fault and caused phosphate liberation, the re- 
sults may also have been elevated by the molybdate-catalyzed 
acid hydrolysis of phosphocreatine. The difference between our 
ethanol and perchloric acid extractions is ascribed to the acid 
hydrolysis, in the latter case, of an exceedingly labile phosphate 
compound, demonstrable in the extracts. 

Although some data on the dependence of the true phosphate 
content on the physiological conditions have been communicated, 
we shall at the present mainly emphasize the orders of magnitude, 
and so discuss that the analytically determinable inorganic phos- 
phate in resting muscle is about 1 wmole per g. Once the amount 
is at this level, it may be further lowered in vivo by ion binding 
to protein. Work by Hasselbach (20) and by Gergely and 
Maruyama (21) is indicative of this. The latter authors have 
shown that myosin binds phosphate, more in the presence of 
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ATP, and this can be calculated to amount to 0.6 umole per g 
of muscle (or more, as their multiple washing might remove 
some of it). Phosphate binding by actin is also mentioned (20, 
21). It seems possible, therefore, that all or much of the phos- 
phate is protein-bound, and that the free inorganic phosphate is 
far below even the smallest analytically measured quantity. 

It then becomes possible that the concentration of free inor- 
ganic phosphate constitutes a critical determinant for the veloc- 
ity of those metabolic reactions that depend on its participation. 
We? shall discuss this in further detail, with respect ‘to phos- 
phorylase, on the basis of other experiments. 


SUMMARY 


A method has been developed for the extraction of phosphate 
and other constituents from frozen powdered muscle with aque- 
ous ethanol at —45°. By procedures for determining small 
amounts of phosphate by precipitation in a weakly alkaline Ca++ 
solution, or also by extrapolating the results of a phosphomolyb- 
date partition method to zero time, it is found that the true in- 
organic phosphate content of resting muscle is usually about 1 
umole per g, or less. 

Conceivably, the free phosphate content in muscle is low 
enough to make it a rate-limiting factor for several metabolic 
steps. 
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Inasmuch as pyridoxal phosphate is required as an essential 
coenzyme for a large number of enzymes, kinases that partici- 
pate at some point in the conversion of vitamin Bg to this co- 
enzyme should be very widely distributed (1). Indeed, such 
kinases have been detected in brain (2, 3) and liver (4, 5), and 
in cells of Streptococcus faecalis (6, 7), Escherichia coli, and yeast 
(8). Despite the intrinsic importance of this enzyme, only the 
kinase from yeast has been studied in reasonable detail (8). 
This lack of study has been dye in part to lack of a sufficiently 
simple and sensitive assay procedure for pyridoxal phosphate. 
Indole production from excess tryptophan by apotryptophanase 
as a function of pyridoxal phosphate concentration was used 
for this purpose by Wada et al. (9). This procedure has been 
simplified for use in the present study, which describes the 
method of assay, distribution, purification, and properties of 
pyridoxal kinase from several sources. Application of this 
assay procedure to purification of the pyridoxal phosphokinase 
of human brain has been described briefly (3). An accompany- 
ing paper (10) describes the effects of several inhibitory analogues 
of vitamin Beg on the kinase. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Chemicals—Pyridoxal 5-phosphate (pyridoxal-P) and_pyri- 
doxamine 5-phosphate (pyridoxamine-P) were obtained from 
Hoffmann-LaRoche, Inc. and were of the same purity as sam- 
ples synthesized by standard procedures (11). Pyridoxine 5- 
phosphate (pyridoxine-P), synthesized by the action of phos- 
phorus oxychloride on pyridoxine (12), was a gift of Dr. H. 
Wada. Spectrographically pure metal salts were from John- 
son, Matthey and Company, London. Nucleoside triphosphates 
and other chemicals were of the highest purity available from 
commercial sources. 

Alumina gel Cy was prepared according to Willstatter and 
Kraut (13). DEAE-cellulose (Brown Company) was recycled 
through acid and base before use. 

Test Organisms and Media—Saccharomyces carlsbergensis was 
obtained as a freshly pressed cake from Pearl Breweries, San 


* This project has been supported in part by a grant (A-1448) 
from the United States Public Health Service. 

Tt Postdoctoral Research Fellow of the National Institute of 
Arthritis and Metabolic Diseases, United States Public Health 
Service. Present address: Graduate School of Nutrition, Cornell 
University, Ithaca, New York. 

t Former Postdoctoral Fellow on leave from the National Insti- 
tute for Research in Dairying, Shinfield, Berkshire, England. 


Antonio, Texas. Lactobacillus casei 7469 (14), Streptococcus fae- 
calis 8043 (15), Lactobacillus bulgaricus 7993 (15), and Lactobacil- 
lus delbrueckii D730 (16) were grown in the three slightly different 
vitamin Be-free media specified in the references cited, supple- 
mented with minimal amounts of pyridoxal, pyridoxamine, or 
pyridoxamine phosphate, respectively. Cells were harvested 
by centrifugation and washed before use. Neurospora crassa, 
wild type, was cultured in modified Fries basal medium (17) 
for 3 days at 30°. The mycelia were collected by filtration and 
washed. 

For preparation of apotryptophanase, a medium containing 1% 
tryptone, 1% yeast extract, 0.5% potassium phosphate, and 
0.1% glucose, initial pH 7.0, was inoculated with 5% of its 
volume of a culture of E. coli (Crookes strain) grown in medium 
of this same composition. The culture was shaken at 37° for 
20 to 24 hours. The cells were harvested in a refrigerated Sharp- 








les centrifuge, washed once with cold water, then resuspended in | 


a small volume of water, lyophilized, and stored at —15°. 
Preparation of Apotryptophanase—All operations were per- 
formed at 0-4°. Lyophilized cells of F. coli, 2 g, were suspended 
in 50 ml of 0.02 m potassium phosphate, pH 7.0, and treated for 
30 to 60 minutes with a Raytheon 250 watt, 10 ke. magneto- 
striction apparatus. Debris was removed by centrifuging at 
18,500 x g for 30 minutes. The supernatant liquid was ad- 
justed to pH 4.7 with 1 M acetic acid, and centrifuged at 8,000 x 
g for 5 to 10 minutes. The active precipitate was suspended in 


50 ml of water and dialyzed overnight against 5 liters of distilled | 


water. This dialyzed preparation was stored, in convenient 
volumes, at —10 to —15°. Immediately before use, a tube of 
the frozen preparation was thawed and any precipitated protein 
was resuspended by homogenizing briefly in a TenBroeck appa- 
ratus. 

Preparation of Cell Extracts—For investigations of pyridoxal 
kinase, cell-free extracts of bacteria were prepared by treat- 
ment of 4% cell suspensions in 0.02 m potassium phosphate, 
pH 6.0, for 30 to 60 minutes in a Raytheon 10 ke. sonic oscills- 
tor. Alternatively, acetone powders were prepared by stand- 
ard techniques and then extracted by incubating 3% suspensions 
in 0.2 m sodium acetate, pH 5.5, for 18 to 24 hours at 37°. Ex- 
tracts of N. crassa were prepared by grinding the mycelia under 
liquid nitrogen in a mortar, and homogenizing the powder in 4 
TenBroeck apparatus with 2 to 3 volumes of 0.1 m potassium 
phosphate, pH 7.0. 

Extracts from animal tissues were prepared by homogenizing | 
part of tissue with 4 parts of 0.05 to 0.1 m potassium phosphate, 
pH 6.5 to 7.0, or for isotonic extracts with 9 parts of 0.25 ™ 
sucrose. Particulate fractions from cells were obtained by the 
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methods of Hogeboom (18) for liver and kidney and of Brody 
and Bain (19) for brain. 

Protein was determined by the method of Lowry et al. (20) 
and by measurement of optical density at 280 mu. 

Modified Procedure for Determination of Pyridoxal Phosphate— 
The manometric procedure of Gunsalus and Razzell (21) as 
used by Hurwitz (8) was used in a few of the early experiments. 
Subsequently the method of Wada et al. (9) was simplified as 
follows and proved to be much more convenient and equally as 
sensitive as the earlier method. 

Graded volumes of a standard solution of pyridoxal-P (to 
supply 0 to 1 wg of this cofactor) or of samples to be assayed were 
pipetted into separate 50-ml Erlenmeyer flasks and diluted to 
15 ml. To each flask was then added 5 ml of toluene (22) 
followed by 0.4 ml of a solution containing 0.2 ml of 1 m potas- 
sium phosphate, pH 8.3, 0.1 ml of 0.1 m GSH, and 0.1 ml of 
the dialyzed apotryptophanase preparation. The vessels were 
stoppered and the contents were incubated for 10 minutes with 
moderate shaking in a water bath at 37° to permit association of 
apoenzyme and coenzyme. L-Tryptophan (0.2 ml of a 0.05 m 
solution) was then added to each flask, and the contents were 
incubated for another 10-minute period with shaking. The 
reaction was stopped by the addition of 0.2 ml of 100% (weight 
per volume) trichloroacetic acid. The flasks were shaken 
vigorously for several seconds to ensure complete extraction of 
the indole into the toluene phase. After separation of the phases, 
0.5 ml of the upper toluene layer was mixed with 0.5 ml of a 
5% solution of p-dimethylamino-benzaldehyde in 95% ethanol 
and 5 ml of H2SO,-ethanol reagent (80 ml of concentrated H.SO, 
per liter of 95% ethanol). The color was allowed to develop for 
10 minutes at room temperature before reading the absorbancy 
at 540 my in a spectrophotometer. As described here, the 
method determines pyridoxal-P in the range 0 to 1 yg; a typical 
standard curve is given in Fig. 1. The sensitivity can be sub- 
stantially increased or decreased by varying the size of the 
aliquot of the toluene extract used for color development. The 
apotryptophanase preparation contains no pyridoxal kinase, and 
hence can be used directly for assay of pyridoxal-P formation 
in the presence of an excess of pyridoxal and of ATP. 

Determination of Pyridoxine-P and Pyridoxamine-P—These 
compounds were determined as pyridoxal-P after conversion to 
this product by an oxidase from rabbit liver (23). For this 
purpose the oxidase was purified through the alumina Cy gel 
step (23). Samples and standard solutions containing 0 to 10 
ug of pyridoxine-P or 0 to 5 ug of pyridoxamine-P were mixed 
with 0.4 ml of 0.5 m KHCO; and 0.1 ml (0.5 to 1.0 mg of protein) 
of the oxidase solution and diluted to 2.5 ml. After incubation 
at 37° for 1 hour, the mixture was heated in a boiling water bath 
for 3 minutes to stop enzymatic action, and an aliquot of 1.5 
ml was taken for determination of pyridoxal phosphate. Con- 
version to pyridoxal-P is incomplete (23), so that a standard 
curve was established with each set of samples. 

Determination of Pyridoxal Phosphokinase Activity—The con- 
ditions of assay required for optimal formation of pyridoxal-P 
varied with the origin and to some extent with the degree of 
purification and the amount of the kinase preparation used. 
Near optimal conditions were determined for kinase preparations 
from each source and are given with the various figures and ta- 
bles. However, most assay mixtures contained 0.1 to 0.5 mm 
pyridoxal, 0.1 to 0.5 mm ATP, 0.1 mm Mg*+ or 0.01 mm Zn*+, 
50 to 75 mM potassium acetate (pH 4.5 to 5.5) or phosphate 
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Fic. 1. Relation of pyridoxal phosphate concentration to indole 


formation (optical density at 540 my) in the apotryptophanase 
assay. Conditions are described in the text. 


(pH 5.5 to 7.5) buffer, and kinase preparation (providing 0.2 to 
2.0 mg of protein/2.5 ml of assay mixture). These reagents 
were incubated at 37° in a volume of 2.5 ml for 1 hour. The 
reaction was stopped by heating the mixture in a boiling water 
bath for 3 minutes. Pyridoxal-P was then measured in a suit- 
able aliquot. The increase in pyridoxal-P formation with 
amount of enzyme preparation or with time is not strictly 
linear (Fig. 2); for purposes of assay, the protein concentrations 
were kept low and the departures from linearity were ignored. 
Specific activities of the kinase are expressed as units per mg of 
protein where 1 unit is the amount of protein that forms 1 mu- 
mole of pyridoxal-P in 1 hour at 37°. 

Fig. 3 gives an example of the variation in pyridoxal-P pro- 
duction by the kinase of rat liver with variation in concentra- 
tion of pyridoxal (K, = 3 X 10-5). Similar data were ob- 
tained for each of the substrates and activators at several pH 
values to determine optimal conditions for assay of each kinase. 
With several kinases, the optimal range of concentrations of 
pyridoxal, ATP, and metal ion were rather narrow. Concen- 
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Fig. 2. Pyridoxal phosphate formation as a function of concen- 
tration of pyridoxal kinase (A) and of time (B). Incubation 
mixtures in A contained 5 mm pyridoxal, ATP and Mg**; 60 mm 
potassium phosphate buffer, pH 7.5, and partially purified enzyme 
(specific activity, 100 with 0.01 mm Zn** at pH 6) from rat liver. 
Incubation was at 37° for 1 hour. In B, incubation mixtures con- 
tained 0.2 mm pyridoxal, 0.5 mm ATP, 0.2 mm Mg?**, 70 mm po- 
tassium phosphate, pH 6.0, and 0.56 mg of the same kinase prep- 
aration used in Part A. 
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Fic. 3. The relation of pyridoxal phosphate formation to con- 
centration of pyridoxal or ATP. Incubation mixtures contained 
0.01 mm Zn**, 65 mm potassium phosphate, pH 6.0, 1.58 mg of 
crude enzyme from rat liver and either 0.5 mm pyridoxal where 
ATP was varied or 0.5 mm ATP where pyridoxal was varied. 
Curve A, pyridoxal; Curve B, ATP. 

Fig. 4. Comparative effects of concentration of pyridoxamine 
on growth and pyridoxal kinase activity of S. faecalis. Cultures 
were incubated at 37° for 24 hours and the cell yields determined 
turbimetrically. Cells were then harvested by centrifugation, 
washed with water, and dried with acetone. Assay mixtures 
contained 0.5 mg of acetone-dried cells, 0.2 mm pyridoxal, 0.5 
mm ATP, 0.1 mm Mg**, and 75 mM potassium acetate buffer, pH 
5.25. Specific activities in this instance are in terms of weight of 
acetone-dried cells rather than of protein. 


trations greatly above the optimum (considered to be 0.5 to 
1.0 x 10-* m for the substrates of Fig. 3 and the kinase of rat 
liver) were therefore avoided. 

Whenever the effects of metal salts, inhibitors, and substrate 
analogues on the pyridoxal kinase were determined, appropriate 
controls were included to show that the observed effect was not 
due to inhibition of tryptophanase used for assay of pyridoxal-P. 
Zn++ salts at concentrations used herein for activation of the 
mammalian kinases had no effect on the assay of pyridoxal-P. 


RESULTS AND DISCUSSION 


Distribution of Pyridoxal Phosphokinases—Pyridoxal kinase 
activity was detected in all of the microorganisms tested, but the 
activity of similarly prepared extracts varied enormously from 
one organism to another (Table I). Whether such variation 
reflects true differences in intracellular kinase, differences in the 
extractability or stability of individual kinases, or differences in 
the extent to which kinase activity is masked by interfering sub- 
stances, is not known. The low values found for crude cell ex- 
tracts of yeast (S. carlsbergensis), as noted by Hurwitz (8) and 
confirmed by data of Table I, are unreal inasmuch as yields of 
over 1000% of initial activity may be obtained by partial puri- 
fication of yeast autolysates. However, the unusually low value 
found for acetone powders of L. delbrueckii is of interest, because 
this organism requires pyridoxamine-P for rapid growth (16), a 
requirement that is eliminated only by supplying very high 
levels of the free vitamin. Similarly prepared powders of Myco- 
bacterium tuberculosis show even lower activity. The kinase 
activity of S. faecalis varies substantially with the level of vita- 
min Bs supplied, first increasing, then decreasing as the amount 
of pyridoxamine added to a vitamin B,-free medium is increased 
(Fig. 4). This same partially inducible nature was also found 
for the kinase of L. caset. 

When mammalian cells are fractionated to yield particulate 
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ecll inclusions, pyridoxal kinase is found in the soluble, super. 
natant fraction (Table II). The low apparent value found for 
the whole homogenates contrasts strikingly with the much 
higher value found for the particle-free soluble portion. The 
particulate fractions contained materials that effectively mask 
the activity of the supernatant fraction (Table II); such ma- 
terials were present in each of the particulate fractions, the 


TaBLe | 
Distribution of pyridoxal phosphokinases among microorganisms 


Incubation mixtures contained 50 mM acetate or 75 mM phos- 
phate buffer, 0.1 mm Mg**, enzyme, and ATP and pyridoxal as 
indicated in the Table. 








Conditions of assay | | 











Oxganien ———| Cellsree | Acetone | Tiga 
pH | aTP | Fytt | | autolysate* 
mM units/mg of cells 
Bacteria | 
L. bulgaricus. ..| 4.50 | 0.5 | 0.2 0.06 | 
L. casei........| 5.25 | 1.0] 0.1 | 21.2 6 7.3 
L. delbrueckii...| 5.75 | 0.5 | 0.2 | 0.10 
M. tuberculosis{.| 6.50 | 0.5 | 0.2 <0.05 
S. faecalis...... 5.25/05) 02) 11 | 5 | 3.4 
Fungi 
N. crassa.......| 6.50 | 0.5 | 0.2 | 0.08 
S. carlsbergen- | 
Sis... ..| 6.85 | 4.0 | 4.0 0.02 | 7.0 


* Three per cent suspensions of acetone powders in 0.2 
sodium acetate, pH 5.5, were allowed to autolyze for 17 to 24 
hours at 37°. Debris was removed by centrifugation and protein 
collected at 40% saturation of ammonium sulfate and dialyzed. 

+ Kindly supplied by Professor S. S. Elberg of the Department 
of Bacteriology as a freshly prepared acetone powder of strain 
H37 grown in Dubos medium (24) with Tween 80. 





TaBLeE II 
Intracellular localization of pyridoxal 
phosphokinases from rat tissues 

Incubation mixtures contained 0.5 mm pyridoxal and ATP, 
0.01 mm Zn*+, 0.07 m potassium phosphate buffer, pH 6.25, and 
0.25 ml of the specified tissue fraction. Homogenates were pre- 
pared with 1.0 g of tissue in 9 volumes of 0.25 m sucrose (see text). 
Particulate fractions were resuspended in 5 ml of the isotonic 
sucrose. 








Liver Kidney | Brain 








Cell fraction | aa | Teak 
Specific | Original | Specific | Original | Specific | Original 








activity | tissue | activity | tissue | activity | tissue 
- ‘ : “a1 pres ae apgnvent | | apparent 
units/g | | units/g | | units/g 
Homogenate.... 0.62 154 1.00; 185) 0.70 | 84 
Nuclei... 0.68 37 | 3.28} 108 | 1.06 | 34 
Mitochondria 0.91 20| 2.11) 36) 0.64) 2 
Microsomes.....| 0.01 1} 0.02 | 1} 2.20| 18 
Supernatant | 
solution... 18.6 | 1,360 | 68.6 | 4,380 | 22.0 | 636 
Recombined*.....| 0.94 | 2.88 3.34 | 





* Arbitrary combination of equal volumes (not ratios present 
in homogenate) of each cell fraction. 
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TaBLeE III 
Distribution of pyridoxal phosphokinase in rat 
tissue and in bovine brain 
Incubation conditions as in Table II. Hypotonic extract, 0.1 
ml, or 0.25 ml of an isotonic extract served as the enzyme source. 








Source “Sar | cot 
units/g of tissue 
Rat tissue | 
NRE SOMIER os 5: ede ec eenears rae one see 595 584 
Se ae arena dette roi Ae cnr err 73 67 
NTI EIN 255025 Pathe i Gas oe eo awleas 103. | 116 
NCI MINNIE... 3% 05 RSS ee 124 189 
MEN 2 bs8. oa oi Bits Sh ce iee nose Senate 982 | 900 
REE Soren 930 | 235 
MN Se ic eho cl a Spi diy aire scare Poet Tea 224 | 233 
ee ee ree eee 117 | 74 
0S eee een eer 22 | 73 
NN eras a) nies sis ect 4 ove Siegen aes 341 | 1320 
Bovine brain 
Cerebrum | 
ee ener en rane 1620 | 
DIGHOGPURIOR oc. 56i.0.555 55 5055 sees 1184 | 
OUONOOTNGNONE 3.55 osio i ccik dbase 1008 | 
Cerebellum 
NE hole w.cisinrs eee aanleeera erent 1368 | 
a ene nt cae 235 
Brain stem | 
aches hoa ek eek one 436 | 
Medulla oblongata. ......... ...65.%.%. 364 | 








mitochondrial fractions being most effective on the basis of 
added protein (data not shown). Nonetheless, general agree- 
ment in kinase values was found for both hypotonic and iso- 
tonic extracts of rat tissues; this indicates that interfering sub- 
stances are largely eliminated by centrifuging both types of 
extracts (Table III). Brain, kidney, spleen, and liver are 
highest in the kinase; muscular tissues are poor sources. Whole 
blood has only a trace of activity, which resides within the leu- 
kocytes. In a few comparative assays on single samples, the 
kinase activities of liver from different species fell in the order: 
mouse > guinea pig > rat > turkey 2 rabbit = man. In 
passing from the external gray matter to the internal white 
matter of beef brain, the kinase activity of the soluble extract 
decreases (Table III). Similar variations occur in human brain 
tissue. 

Vitamin Bg deficiency has little effect on the level of pyridoxal 
kinase in rat tissues (Table IV). The apparent increase in 
average level of kinase in brains from deficient animals agrees 
with a previous report (26), but the large variations between 
animals makes the difference of dubious significance. 

Purification of Pyridoral Kinase—1. From yeast. Applica- 
tion of the procedure of Hurwitz (8) to autolysates of S. carls- 
bergensis (specific activity, 0.04) increased their activity as much 
as 1000-fold (specific activity, 40). Much of the apparent en- 
richment results from removal of substances that suppress 
kinase activity (cf. Table I); the final preparations are much less 
active than those prepared from other source materials by pro- 
cedures described below. 


; ‘McCormick, D. B., Snell, E. E., and Moon, H. D., unpublished 
ata. 
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2. From L casei and S. faecalis. All operations were carried 
out at 0-4°. Cells were extracted by sonic rupture as described 
earlier (Fraction a, Table V). The suspension was then centri- 
fuged at 25,000 x g for 30 minutes. To the supernatant solu- 
tion (Fraction b), § volume of a 2% protamine sulfate solution, 
pH 5.5, was added. After stirring for several minutes, the inac- 
tive precipitate was removed by centrifugation at 18,500 x g 
for 15 minutes. The supernatant solution (Fraction ¢c) was 
brought to 40% saturation by addition of solid ammonium sul- 
fate over a l-hour period. The mixture was centrifuged at 
18,500 x g for 15 minutes and the precipitate was discarded. 
The supernatant solution was brought to 60% saturation with 
ammonium sulfate over a similar period of time. The active 
precipitate was collected by centrifugation, dissolved in a few 
milliliters of 5 mm potassium phosphate containing 0.1 mm GSH, 
and dialyzed against several liters of this solution for several 
hours. The solution was clarified by centrifugation before use 
(Fraction d). The procedure achieves a 90-fold purification of 


TaBLe IV 
Activities of pyridoxal phosphokinase in livers and in brains of 
normal and vitamin Be-deficient rats 
Incubation conditions were the same as in Table II; 0.1 ml of 
hypotonic extract was the enzyme source. 





| 





Nutritional status and number of animals* Livert | Braint 
| units/organ 
Normal controls, 9.............. | 2220 + 983 | 548 + 167 
Vitamin B,-deficient 
Moderate, 5................... | 2320 + 380 | 749 + 331 


PO ico aug. ai ska gis crete taenane | 


1500 + 636 | 706 + 286 


* We are indebted to Dr. Marjorie M. Nelson of the Department 
of Anatomy and Physiology for these animals and for the evalua- 
tion of their nutritional status. Female adult Long-Evans rats 
previously maintained on a commercial stock diet were placed on 
a vitamin Be-free ration (25) for 43 (moderate deficiency) or 9 
weeks (severe deficiency); the control animals received the same 
ration with supplemental pyridoxine for 9 weeks. Average 
weights were 214, 190, and 175 g for rats of the control, moderately 
deficient, and severely deficient groups, respectively. 

+ Mean values + the standard deviation are given. 





TABLE V 
Purification of pyridoxal phosphokinases from 
L. casei and S. faecalis 
Incubation mixtures contained 0.2 mm pyridoxal, 0.5 mm ATP, 


Mg** (0.1 mm for L. casei; 0.5 mm for S. faecalis), 75 mm potassium 
acetate, pH 5.25, and enzyme. 











L. casei S. faecalis 
Fraction . ‘ 

Speci sect i Total 

activity [Total units] SPs | unites 

a. Crude extract............ 44.1 | 38,200 2.4 | 2,120 

b. Centrifuged extract...... 54.2 | 37,600 4.1 | 2,420 
ec. Protamine supernatant 

Ce EE Ee REA ED 156 39,800 59.0 | 2,800 
d. Ammonium sulfate pre- 

cipitate (40-60%) ........ 81.27 | 6,5007 | 216 3,020 

















* From 2 g of lyophilized cells. 
+ Step used only for resolution of metal, not for purification. 
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TaBLe VI 
Purification of pyridoxal phosphokinases from rat liver, 
rat brain, and beef brain 
Incubation conditions were those specified in Table II. Liver 
preparations were assayed at pH 6.0; brain preparations at pH 
6.5. 





Rat liver Rat brain Beef brain 





Fraction* } | a 
Specific | Original | Specific | Original | Specific | Original 
| activity | tissue activity | tissue | activity | tissue 
| | | 








total | total total 
units/g | unmits/g | units/g 
a. Centrifuged | 
extract........ 5.6| 500 | 18.7| 437 | 17.4| 356 
b. Heated extract | 42.6 | 1260 tT | r 
Cc. (NH,4)2S0O, | 
40-60% ........ | 53.7| 658 | 80.1| 390 | 27.1] 113 
d. pH 5.0 treat- | 
ment..........| 74.3 | 695 tT | > * a 
e. Alumina _ gel | | | | | 
fractionation...| 123 | 407 | 126 | 247 71.6 | 42 
f. (NH,)2.SO, | | | 
40-55% ........ 178 | 272 | 240 | 102 | 255 | 32 
g. DEAE-cellu- | | | | | 
Oe | | 750 


750 | 84 








* These protocols are from the fractionation of 36 g (wet weight) 
of rat liver, 4.9 g of rat brain, and 250 g of beef cerebral tissue, 
respectively. 

+ These fractionation steps were unsuccessful with kinase from 
brain tissue and were omitted. 


the kinase from S. faecalis (Table V); further purification was 
not attempted. The kinase from L. casei behaves very differ- 
ently from that of S. faecalis, and was partially destroyed by the 
last step of this procedure. 

3. From mammalian tissues. Of those tried, the general 
procedure described below effected the most purification (Table 
VI). All operations except those specified were conducted at 
0 to 4°. 

Hypotonic extracts were prepared by homogenizing 1 part of 
tissue with 4 parts of 0.05 to 0.1 m potassium phosphate buffer, 
pH 6.5 to 7.0 (Table VI), and centrifuging at 25,000 x g for 
30 minutes (Fraction a). After addition of pyridoxal (1 mm), 
the extract was warmed to 55° with stirring and held at this 
temperature for 15 minutes. The mixture was chilled and cen- 
trifuged at 18,500 x g for 15 minutes; the supernatant consti- 
tuted Fraction b. A substantially smaller enrichment of the 
enzyme resulted when pyridoxal was omitted. The protein 
fraction insoluble between 40 and 60% saturation with ammo- 
nium sulfate (Fraction c) was obtained and dialyzed as described 
for the bacterial kinases. The dialyzed solution was adjusted 
to pH 5.0 by addition of 1 m acetic acid. The precipitate was 
discarded; the supernatant is Fraction d. 

Either Fraction c or d (Table VI) was treated stepwise with 
alumina Cy gel (7.5 mg per ml) in amounts sufficient to adsorb 
most of the protein within six to eight equal additions. Ap- 
proximately 10 mg of protein were adsorbed by each 7.5 mg of 
the gel preparation used. After each gel addition, the mixture 
was stirred for 15 minutes, centrifuged at 10,000 x g for 5 min- 
utes, and the supernatant fluid subjected to the next gel treat- 
ment. Protein was eluted from the gel by stirring for 15 minutes 
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with 5 volumes (buffer to gel) of 0.2 mM potassium phosphate, | 
pH 8.0. The most active eluates were combined (Fraction ¢) | 
and contained approximately one-half of the protein subjected | 
to the fractionation. 

Fraction e was brought to 40% saturation by the slow addi. | 
tion, with stirring, of solid ammonium sulfate. The precipitate 
was removed by centrifugation and discarded. The supernatant 
solution was then brought to 55% saturation with ammonium 
sulfate. The active precipitate was collected by centrifugation, 
dissolved in water, and dialyzed for 6 to 15 hours against several 
liters of 0.005 m potassium phosphate, pH 7.5. Precipitated 
material was discarded, and the remaining solution (Fraction f) 
was poured over a column containing a 20-fold excess (cellulose 
to protein) of DEAE-cellulose. The protein was eluted frac. 
tionally in a linear gradient established between 0.005 and 
0.1 m potassium phosphate buffers, pH 6.8, each 0.02 m with 
respect to glycine.2, Much inactive protein was eluted before and 
after the kinase itself, which was present in the 180- to 270-ml 
fraction of the effluent (total volume 500 ml). Fractions con- 
taining kinase activity were pooled, and ammonium sulfate was 
added to 60% saturation. The active protein was collected by 
centrifugation, dissolved in a small volume of 5 mm potassium 
phosphate buffer, pH 7.0, containing 0.1 mm GSH, and dialyzed 
against this buffer to give Fraction g. 

These procedures readily effected an apparent purification of 
several 100-fold over the activity shown by crude homogenates, 
and 100-fold or greater over the protein of clarified extracts 
(Table VI). By reapplication of the most active fractions to 
DEAE-cellulose, kinase preparations with specific activities of 
1000 and greater have occasionally been obtained. Such prep- 
arations still are much less active than most crystalline enzymes 
in terms of product formation per mg of protein and are poly- 
disperse in the analytical ultracentrifuge.* 

No loss in activity of crude pyridoxal kinase preparations oc- 
curs on several months storage in the frozen state. A homoge- 
nate of rat brain was held at 37° for 24 hours without loss in ac- 
tivity. As protective proteins are removed, however, the enzyme 
becomes more labile. For example, a preparation of Fraction ¢ 
from rat brain showed a 22% decrease in specific activity after 
standing for 1 hour at 37°. 





Properties of Pyridoxal Kinases 


Comparative Activation by Zn*++ and Mgt+—During assay of 
purified kinase preparations from yeast, a substantial difference 
in activity of the same enzyme preparation was observed with 
two different samples of ATP; the purer sample gave the lower 
formation of pyridoxal phosphate. Its effectiveness was en- 
hanced by addition of an inorganic salt mixture. Appropriate 
tests showed Zn++ was the most effective cation (Table VII) 
and was effective even in the presence of excess Mg++, Co**, 
Mn**, and Nit+ partially replaced Zn++; Fet++ showed no effect, 
and Cu++ was inhibitory. For the kinase from a different 
strain of yeast, Hurwitz (8) reported the order of activation by 
various metal ions to be Co++, Fett > Mg++ > Znt*, Ni**. 
We have no explanation of the apparently marked differences. 

Approximately this same order of activation by different 


2 Similar results were obtained in separate experiments with 
gradients established between 0.005 m phosphate buffer at pH 
7.5 and 0.1 m phosphate buffer at pH 6.5. 

3 We are indebted to Dr. Howard Schachman for the centrifugal 
runs. 
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Taste VII 
Effects of metal ions on pyridoxal phosphokinases 
from yeast and liver 

Incubation mixtures contained: for yeast, 2 mm pyridoxal and 
ATP, 30 mm potassium phosphate, pH 6.85, 0.8 mm Mg**, 0.5 
mg of enzyme, and 0.2 mm added cation; for liver, 0.2 mM 
pyridoxal, 0.6 mm ATP, 75 mm potassium phosphate, pH 6.0 
(rat) or 6.5 (turkey), 0.39 mg (rat) or 2.56 mg (turkey) of enzyme 
protein, and 0.01 mm added cation. 





Pyridoxal phosphate formed by kinase from 











Metal ion added 
Yeast Rat liver | Turkey liver 
mumoles 

| EECA ORE aren ery a 2.0 rj 0.6 
DN its 4), 84 sa oa ways ators a 4.6 6.9 
ERI ae seem 0.0 6.5 0.8 
ES eens ae aa eS 1.9 4.4 

Es osc pitive cake 2.0 11.7 1.4 
ES sid yichd basipdv aes eaee 3.8 7 1.0 
eco tic sh aera dv Rte) kek shee 2.8 6.9 0.6 
AV eee rere re rie fee 7.0 30.0 6.5 
OR alka ocesiss ash ann daeeraternas 5.8 











* Note that the assay mixture for the yeast enzyme contained 
maximally effective concentrations of Mg*t except where indi- 
cated. In the absence of Mg** no pyridoxal phosphate was 
formed. No Mg** was added to the assay mixtures for the liver 
kinases. 

+ Mg** omitted. 
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Fic. 5. Comparative activation of pyridoxal kinase from rat 
liver by Zn*+ and by Mg*+. Incubation mixtures contained 0.2 
ma pyridoxal, 0.5 mm ATP, metal ion as indicated, 50 mm potas- 
sium phosphate, pH 6.0, and 0.98 mg of enzyme. 

Fig. 6. The relation of pH to activation of pyridoxal kinase of 
rat liver by Zn*+ or Mgt+. Incubation mixtures contained 0.2 
mM pyridoxal, 0.5 mm ATP, 0.01 mm Zn**, or 0.1 mm Mg**, 75 mm 


potassium acetate (pH 5.0 to 5.5) or phosphate (pH 5.5 to 7.5), 
and 0.5 mg of enzyme. 


cations was found for crude kinase preparations from turkey and 
tat livers (Table VII). Zn++ is markedly superior to Mg*+ for 
the purified kinase of rat liver over a large range of concentra- 
tions of added cation (Fig. 5) and over the entire pH range (Fig. 
6). At the pH optimum of 5.75, half-maximum activity was 
reached with concentrations (Kye) of approximately 10-* and 
10° m for Zn*++ and Mg**, respectively. Similar superiority of 
Zn** to Mg++ was found for the kinases of rat and bovine brain, 
and has been demonstrated previously for the kinase of human 
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brain (3), and may thus be a general characteristic of the kinase 
from mammalian tissues. 

In marked contrast to these enzymes, Mg++ is much superior 
to Zn++ as an activator for the purified kinases of L. casei and 
S. faecalis (Fig. 7). The kinase from L. casei, in contrast to 
all of the other kinases studied, is resolved with respect to acti- 
vating metal ion only with difficulty. A requirement for Mg++ 
could not be demonstrated for this kinase in Fraction ¢ (Table V), 
whereas with each of the other kinases metal ion requirement is 
demonstrable even in crude extracts. After ammonium sulfate 
treatment, partial resolution with respect to metal ion was 
apparent (Fig. 7A), but this resolution was accompanied by 
major losses in activity. 

Effect of K*—In the presence of optimal amounts of Zn*+, 
an activating effect of K+ (Kye = 10-3 o) is observed with the 
kinase from beef brain (Fig. 8A). The effect is enhanced by 
low concentrations of Nat. Higher concentrations of K+, Nat, 
or Li* inhibit (Fig. 8B). The relation of these ions to action 
of pyridoxal kinases from other sources was not determined. 

Effect of pH on Kinase Activity and Binding of Substrates— 
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Fic. 7. Comparative effects of Mgt*+ and Zn** on the pyridoxa 
kinases from L. casei (A) and from S. faecalis (B). Incubation 
mixtures contained 0.5 mm pyridoxal and ATP, metal ions as 
indicated, 75 mm potassium acetate, pH 5.25, and 0.46 mg of 
enzyme. 
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Fic. 8. Effects of monovalent cations on pyridoxal kinase from 
beef brain. In A, the indicated amounts of KCl or KCl plus 0.05 
mM NaCl were present in mixtures which also contained 0.5 mm 
pyridoxal, 0.1 mm ATP, 0.01 mm Zn**, 1 mm sodium phosphate at 
pH 6.0, and 1.0 mg of enzyme. In B the indicated amounts of 
KCl, NaCl, or LiCl were present, together with 0.5 mm pyridoxal 
and ATP, 0.01 mm Zn**, 75 mm potassium phosphate, pH 6.5, and 
1.12 mg of enzyme. 
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The pH optimum of pyridoxal kinase varies remarkably with 
the source. For the kinase from rat liver the optimum is about 
5.7 and is approximately the same with either Mg++ or Zn*++ as 
activating cation (Fig. 6). Kinases from L. bulgaricus, L. caset, 
S. faecalis, N. crassa, and S. carlsbergensis show optima at pH 
4.5, 5.0, 5.2, 6.5, and 6.8, respectively (Fig. 9). It is possible 
that the individual kinases are more closely related than these 
values would suggest, for the pH optima vary somewhat with the 
means and extent of purification of the enzyme. For example, 
the kinase from L. casei showed a pH optimum at 5.5 when de- 
termined with a crude autolysate, of 5.0 after protamine treat- 
ment, and of 4.5 after further precipitation with ammonium 
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Fig. 9. pH optima of pyridoxal kinases from L. bulgaricus (O), 
L. casei (A), S. faecalis (QO), N. crassa (@), and S. carlsbergensis 
(A). These preparations had specific activities of 0.13, 29.1, 
20.0, 0.20, and 20.8, respectively, at their pH optima in incubation 
mixtures containing near optimal concentrations of pyridoxal, 
ATP, Mg**, and potassium acetate (4.5 to 5.5) or phosphate 
(5.5 to 7.0) buffers. 

Fig. 10. Variation in the apparent pH optimum of the pyridoxal 
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kinase from beef brain with variation of Zn*++ concentration. In- 
cubation mixtures contained 0.5 mm pyridoxal and ATP, 75 mm 


potassium acetate, pH 5.5, or phosphate (pH 6.0 to 7.5), 0.19 mg 
of enzyme, and Zn** at 0.05 mm (Curve 1), 0.01 mm (Curve 2), or 
0.002 mm (Curve 3). 
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Fig. 11. Effect of pH on the affinities of various pyridoxal 
kinases for substrates and activators. Kinases from L. casei (A), 
rat liver (B), and beef brain (C) had specific activities of 267, 59, 
and 100, respectively. Pyridoxal (Curve 1), Mg** (QO) or Zn*++ 
(@) (Curve 2) and ATP (Curve 3) were varied in the presence of 
constant concentrations of other components (5 X 10-4 m pyri- 
doxal, 5 X 10-4 m ATP, 10-4 m Mg** or 10-5 m Zn** and enzyme) 
to obtain pK, (= —log K,) at each pH value (see text). 5-Deoxy- 
pyridoxal (C, Curve 4) was used at a concentration of 2 X 10-‘ m 
with varying concentrations of pyridoxal to determine values of 
pK, which are plotted in this instance. 
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sulfate. The optimum of the liver kinase, too, shifted toward 
lower values with purification. 

An interesting shift in the pH optimum toward more acidic 
values is exhibited by both the kinase from beef brain and that 
from rat liver as the concentration of Zn*++ is increased to the 
optimum (Fig. 10). This finding is analogous to that with Mn+ 
and Mg** in the glutamine synthetase and glutamoy] transfer. 
ase activities of brain (27) and is similar to the effects which 
certain inhibitors exert on the pH curves of enzymes (28), 
No such shift was seen when Mg++ replaced Zn++ as the activat- 
ing ion. 

The affinities of the kinase for ATP, pyridoxal, and activating 
metal ion vary independently with pH. K, values for each of 
these were determined at several different pH values from plots 
similar to that of Fig. 3; the negative logarithms of these values 
(pK,) are plotted against pH in Fig. 11. Affinity for pyridoxal 
increases with pH in each case; this is perhaps a reflection of the 
increased proportion of free aldehyde (as opposed to hemiacetal) 
that appears as the pH is raised (29). Only when pyridoxal is 
present in the free aldehyde form is its 5-hydroxymethy] group 
free for phosphorylation, and hence this form must be the sub- 
strate for the kinase reaction. This interpretation also is favored 
by the constancy in values for pK; found for 5-deoxypyridoxal, 
which cannot form a hemiacetal but in which changes in ionic 
state with pH closely resemble those for pyridoxal (29). Affinity 
for ATP decreases with increasing pH; the intersection of the 
curves describing pK, values for ATP and for pyridoxal, where 
each substrate is bound maximally in the presence of the other, 
was found also to be the pH optimum of each of the kinase prepa- 
rations used. The inflection in the curve for ATP found with 
the rat liver kinase may be ascribed to adenylate kinase, which 
was shown to be present in the preparation by the method of 
Kornberg (30) and which functions increasingly at the higher 
pH values (31, 32). The increased affinity for metal ion acti- 
vator observed with increasing pH reflects the well known com- 
petition between metal ion and hydrogen ion for binding to 
enzyme or substrate. The affinity for Zn++ is substantially 
higher than that for ATP at the optimal pH; this together with 
the unusual acidic pH optima of these phosphokinases lends no 
support to the concept that the activating metal functions by 
forming a 1:1 chelate with ATP (383). 

Examination of the individual reaction rate-concentration 
curves obtained in the course of these determinations revealed 
that inhibition by excess reactants was very common, especially 
at pH values above the optimum. 

Temperature Optima—With the 1-hour assay time used herein, 
apparent temperature optima for kinase preparations from 
S. faecalis, L. casei, rat liver, and human brain, each assayed 
under otherwise optimal conditions, were 63, 55, 55, and 40°, 
respectively. The same preparation from human brain which 
showed an optimum of 40° with Zn*+ as activating ion showed 
an optimum of 50° when Mg++ was substituted for Zn++. Tem- 
perature coefficients of reaction for a 10° increase in temperature 
below the optima were in the expected range of 1.5 to 2.0 for all 
preparations. 

Substrate Specificities—1. For nucleoside triphosphates. Hurwitz 
(8) reported that neither ADP nor ITP replaced ATP for the 
purified kinase of yeast, but did not examine other nucleoside 
triphosphates. For the purified kinase from rat liver, ATP is 
the only effective phosphorylating agent (Table VIII). ADP 
fully replaced ATP for crude preparations but was less effective 
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than ATP for purified preparations. A preparation fractionated 
through the second ammonium sulfate step (Table VI) still con- 
tained 6.1 units (30) of adenylate kinase per mg of protein, an 
amount sufficient to account for the limited ability of ADP to 
replace ATP. AMP inhibits phosphorylation of pyridoxal 
(Kr = 6.0 X 10-* Mm) and is competitive with ATP. For the 
yeast kinase studied here, GTP was about one-half whereas UTP 
and CTP were approximately one-fourth as effective as ATP. 
For the kinase from S. faecalis these three nucleotides were about 
one-tenth as effective as ATP. Further purification of these 
kinases would be required to establish whether the requirement 
for ATP is absolutely specific. It is clear, however, that it is 
the preferred phosphorylating agent in all cases. 

2. For vitamin B;. Hurwitz (8) showed by use of P*-labeled 
ATP and separation of the minute amounts of phosphorylated 
products formed that the pyridoxal phosphokinase of yeast also 
phosphorylated pyridoxine and pyridoxamine but made no 
estimates of comparative affinities or rates. By direct estimation 
of pyridoxine-P and of pyridoxamine-P each of the kinases 
studied here was found to phosphorylate each of the three forms 
of vitamin Be, and under optimal conditions the three products 
were formed at approximately equal rates. The concentrations 
of substrates required to permit such phosphorylation, however, 
varied greatly (Table IX). Pyridoxine and pyridoxamine are 
effectively phosphorylated by the yeast kinase at substantially 
lower concentrations than is pyridoxal. Pyridoxal, however, 
is the preferred substrate for all of the kinases except that from 
yeast. This preference for pyridoxal as substrate is especially 
marked for the kinases from S. faecalis and L. casei, and may be 
related to the fact that neither organism can utilize pyridoxine 
as a source of vitamin Bg in growth experiments (34). That 
other factors also are involved is shown, however, by the fact 
that S. faecalis (but not L. casei) utilizes pyridoxamine as readily 
as pyridoxal (34). 


SUMMARY 


Sensitive and convenient methods are described for the en- 
zymatic determination of the phosphorylated forms of vitamin 
Bs. Pyridoxal phosphate determination depends upon the 
production of indole in the presence of an excess of tryptophan 
and apotryptophanase. Pyridoxine and pyridoxamine phos- 
phates are determined as pyridoxal phosphate after enzymatic 
oxidation to this compound. These methods have been used 
to determine the distribution and properties of pyridoxal phos- 
phokinases. Such kinases were detected in all tissues examined. 
Brain, liver, and kidney are highest in this enzyme; muscle 
tissue is low. Among bacteria, very rich (e.g. Lactobacillus casei) 
and very poor (e.g. Mycobacterium tuberculosis) sources of the 
kinase are found, and the amount present varies with cultural 
conditions. Such distribution studies must be interpreted with 
caution because of the variable presence, especially in the particu- 
late fraction of cells, of substances that mask activity of the 
kinase. 

A generally applicable purification procedure was developed 
that yields kinase preparations substantially more active than 
previously described. Each of the purified phosphokinases 
requires a divalent cation for activity. For the kinases of yeast 
and animal tissues Zn++ is a more effective activator than Mg++ 
and Mn++; for the bacterial kinases examined, Mg** is superior 
to Zn++. K+ also activates at low concentrations. ATP is the 
preferred phosphorylating agent for all the kinase preparations 
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TaBLe VIII 
Nucleoside triphosphate requirement of pyridoxal phosphokinase 
from rat liver 
Incubation mixtures contained 0.2 mm pyridoxal and Mg**, 
70 mm potassium phosphate, pH 6.0, 0.55 mg of purified kinase, 
and nucleotide triphosphates as indicated. 

















Pyridoxal phosphate formed when concen- 
tration of added compound is 
Compound added 
0.2 mm | 0.5 mM . 1.0 mM 
mpmoles 
08S k Mea eet ere 55.5 | 61.1 57.9 
| ne Smee eae Deca 0.40 | 0.00 0.20 
PMN os mc cacosataca toga visser ed i an 0.61 2.83 
ere es 0.20 | 0.20 1.21 
MI eos ands vig vs hus eae ena 1.01 | 5.26 
ER a= ee 0.00 | 0.00 0.00 
TaBLE IX — 


Comparative affinities of pyridoxal phosphokinases from 
different sources for the three forms of vitamin Bs 
Assays were carried out as described in the text under near 
optimal conditions as indicated in the table, and with kinase 
preparations varying in specific activity from 15 to 300 units per 
mg of protein. 
































Conditions Apparent Kg values* 
Source of kinase ‘ , 
pH | ATP Cation phan z. entinine 
mM X 104 MX 104 
DOMME S555. 5.0 5.0 | 1.0 (Mg**) | 0.30 | 40 50 
S. faevales:............ 5.2] 5.0 1.0 (Mg**) | 0.15 | 15 25 
S. carlsbergensis.| 6.8|40 10.0 (Mg**) | 4.0 0.25¢| 0.15f 
Rat liver........ 6.0} 5.0 | 0.10 (Zn**)| 0.15 | 0.25 1.5 
Beef brain....... 6.2| 5.0 | 0.10 (Zn++)| 0.50] 2.0 | 5.0 





* Values are given to the nearest half unit. 

+ Kr values, determined by adding variable amounts of pyri- 
doxal in the presence of 2 X 10-4 m pyridoxine or pyridoxamine. 
All other values are direct K, measurements. A comparison of 
the two procedures was made with the kinase of S. faecalis. Ky 
values found for pyridoxine and pyridoxamine were 1.4 X 10° M 
and 2.5 X 107 m, respectively, in good agreement with values 
found by the direct method. 


and is required specifically by the most highly purified of these, 
that from rat liver. All of the kinases phosphorylate pyridoxal, 
pyridoxamine, and pyridoxine, but individual kinases differ 
greatly in their affinities for these three compounds. The yeast 
kinase phosphorylates pyridoxine and pyridoxamine more ac- 
tively than pyridoxal, whereas pyridoxal is the preferred sub- 
strate for the other kinases. 

The pyridoxal phosphokinases are unusual in having acidic 
pH optima varying from pH 4.5 or lower for the Lactobacillus 
bulgaricus enzyme to 6.8 for the yeast enzyme. Affinities of the 
kinase for cation, for pyridoxal, and for ATP vary independently 
with pH, but are equal for the two substrates at the pH optimum. 
With the kinases from liver and from L. casei, pH optima were 
observed to shift toward more acidic values as purification 
progressed. The individual kinases also differ in heat stability 
as measured by their “optimal” temperatures. 
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Addendum—McCormick (35) has described a riboflavin kinase 
which appears to be activated by Zn**. 


This activation proved 


to be due primarily to inhibition by Znt+ of a contaminating 


flavin mononucleotide phosphatase. 


No such phosphatase was 


found in the purified mammalian kinase preparations studied 
here. 


wd 


10. 


11. 


12. 


13. 


. SNELL, E. 


REFERENCES 


E., in R. S. Harris, G. F. Marrian, AND K. V. 
THIMANN (Editors), Vitamins and Hormones, Vol. XVI, 
Academic Press, Inc., New York, 1958, p. 77. 


. Roperts, E., AND FRANKEL, S., J. Biol. Chem., 190, 505 (1951). 
. McCormick, D. B., anp SNELL, E. E., Proc. Natl. Acad. Sci. 


U. S., 45, 1371 (1959). 


. TRuFANOV, A. F., AND KrrsanosBa, J. A., Byull. Eksp. Biol. 


i Med., 22, No. 6 (1946); Chem. Abstr., 41, 7485 (1947). 


. McCormick, D. B., aNp SNELL, E. E., Federation Proc., 19, 


413 (1960). 


. Gunsauus, I. C., anp Betuamy, W. D., J. Biol. Chem., 155, 


357 (1944). 


. Betitamy, W. D., UmBreit, W. W., AND GuNsALus, I. C., J. 


Biol. Chem., 160, 461 (1945). 


. Hurwitz, J., J. Biol. Chem., 205, 935 (1953); 217, 513 (1955); 


Biochim. et Biophys. Acta, 9, 496 (1952); Nutrition Sympo- 
sium Series, No. 13, The National Vitamin Foundation, 
Inc., New York, 1956, p. 49. 


. Wana, H., Morisusz, T., Sakamoto, Y., AND Icu1HaRA, K., 


J. of Vitaminology (Japan), 3, 183 (1957). 
McCormick, D. B., anp SNELL, E. E., J. Biol. Chem., 236, 
2085 (1961). 

Peterson, E. A., Soper, H. A., AND Mester, A., J. Am. 
Chem. Soc., 74, 570 (1952); Federation Proc., 11, 268 (1952). 
Hey, D., Luz, E., Harris, S. A., AND Fotxers, K., J. Am. 

Chem. Soc., 78, 3430 (1951). 
WILLSTATTER, R., AND Kraut, H., Ber., 56, 1117 (1923). 


Pyridoxal Phosphokinases. I 


14. 


29 


30. 
31. 


32. 
33. 
34. 


35. 


. GREENBERG, S. M., Masurat, T., Rice, E. G., Hernpon, 


7. GREENBERG, J., 


Vol. 236, No.7 


RaBinowI1Tz, J. C., Monpy, N. I., AND SNELL, E. E., J. Biol, 
Chem., 175, 147 (1948). 


. Rasinow1Tz, J. C., aND SNELL, E. E., J. Biol. Chem., 169, 63) 


(1947). 


. McNutt, W. S., aNp SNELL, E. E., J. Biol. Chem., 182, 557 


(1950). 





. Nason, A., AND Evans, H. J., J. Biol. Chem., 202, 655 (1953), | 
. Hogesoom, G. H., in S. P. Cotowick anp N. O. Kaptay | 


(Editors), Methods in enzymology, Vol. I, Academic Pregs, 


Inc., New York, 1955, p. 16. 


R. J., J. Biol. Chem., 193, 265 (1951). 


= 


. Gunsatus, I. C., anp Razze.u, W. E., in S. P. Cotowicg 


AND N. O. Kapuan (Editors), Methods in enzymology, Vol, 
IT, Academic Press, Ine., New York, 1955, p. 646. 


. Woop, W. A., Gunsatus, I. C., anp Umsreirt, W. W., J. Biol, 


Chem., 170, 313 (1947). 


. Wapa, H., anp SNELL, E. E., J. Biol. Chem., 236, 2089 (1961), 
. Dusos, R., AND Davis, B. C., J. Exp. Med., 83, 409 (1946). 
. Neuson, M.M., ann Evans, H. M., J. Nutrition, 48, 281 (1951) 


J. F., AnD Van Loon, E., J. Biochem. Pharmacol., 2, 308 
(1960). 
AND LICHTENSTEIN, N., J. Biol. Chem., 284 


2337 (1959). 


. Myrpack, K., Z. physiol. Chem. Hoppe-Seyler’s, 158, 160 


(1926). 


. Merzuer, D. E., anp SNELL, E. E., J. Am. Chem. Soc., 71, 


2431 (1955). 

KornBeraG, A., J. Biol. Chem., 182, 179 (1950). 

SreKEvi1Tz, P., anp Potrer, V. R., J. Biol. Chem., 200, 187 
(1953). 

Katcxar, H. M., J. Biol. Chem., 148, 127 (1943). 

Hers, H. G., Biochim. et Biophys. Acta, 8, 424 (1952). 

SNELL, E. E., AnD RANNEFELD, A. N., J. Biol. Chem., 181, 
475 (1945). 

McCormick, D. B., Federation Proc., 20, 447 (1961). 


. Bropy, T. M., anp Baw, J. A., J. Biol. Chem., 195, 685 (1952). | 
. Lowry, O. H., Rosesrovuen, N.J., Farr, A. L., anD Rabat, 








inte 
Bs 

tur 
gen 
In) 


pre 
We 
py 
cal 
an 


CNR > 


No.7 


J. Biol, 
169, 63] 
182, 557 
) (1953), | 
KAPLAN 


¢ Press, 


> (1952), 
ANDALL, 


)LOWICK 
gy, Vol. 


J. Biol, 
9 (1961), 
1946), 

1 (1951), 
ERNDON, 
=) 3 308 
m., 284, 


158, 160 





Soc., 77, 


200, 187 


m., 187, 





XUM 


Tue JoURNAL or BioLocicaL CHEMISTRY 
Vol. 236, No. 7, July 1961 
Printedin U.S.A. 


Pyridoxal Phosphokinases 
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Many compounds have been described that inhibit growth by 
interfering at one point or another in the metabolism of vitamin 
B, (2). These include a variety of compounds related struc- 
turally to the vitamin, together with an array of carbonyl rea- 
gents generally known to inhibit pyridoxal phosphate enzymes. 
In no case has the site of action of such inhibitors in vivo been 
established. One of the first enzymatic loci at which such com- 
pounds might act is pyridoxal kinase, which is responsible for 
the conversion of the three forms of vitamin Beg to their corre- 
sponding phosphates. Hurwitz (3, 4) found that several ana- 
logues of pyridoxal that contained an unsubstituted position 6 
and a free hydroxymethyl group in position 5 were phosphoryl- 
ated by the pyridoxal phosphokinase of yeast and, hence, served 
as competitive substrates for this enzyme; other compounds 
inhibited the kinase without themselves being phosphorylated. 
Earlier we described briefly an inhibition of pyridoxal kinase by 
carbonyl reagents, which was attributed to the condensation 
products formed between these compounds and pyridoxal (5, 6). 
We present herein a comparison of the sensitivity of purified 
pyridoxal kinases from several different sources to inhibition by 
carbonyl reagents, by their condensation products with pyridoxal, 
and by a number of structural analogues of vitamin Bg. 


EXPERIMENTAL PROCEDURE 


Materials and Methods—The purified kinase preparations and 
the methods for assessing their activity were described in the 
preceding paper (1). ADP was determined by the column 
chromatographic method of Siekevitz and Potter (7). Sources 
of commercially unavailable compounds used are given with the 
experimental data. In all cases, appropriate controls established 
that the inhibitory effects reported herein were due to inhibition 
of the pyridoxal kinase, and not of the apotryptophanase used 
for estimation of pyridoxal phosphate. 


RESULTS AND DISCUSSION 


Inhibitors Related to Pyridoxal and Pyridoxine—Each of the 
kinases showed affinities for 5-deoxypyridoxal and w-methyl- 
pyridoxal which, with few exceptions, resembled its affinity 
for pyridoxal (Table I). The affinity of each kinase for 4- 
deoxypyridoxine or for 2-methyl-3-hydroxy-5-hydroxymethyl- 


* Supported in part by a grant from the National Institutes of 
Health, United States Public Health Service. For the preceding 
paper of this series see (1). 

t Postdoctoral Research Fellow of the National Institute of 
Arthritis and Metabolic Diseases, United States Public Health 
Service. Present address, Graduate School of Nutrition, Cornell 
University, Ithaca, New York. 


pyridine similarly resembled that for pyridoxine. Whereas the 
presence of the 4-formyl group strikingly increases the affinity 
of the bacterial kinases for the 2-methylpyridine derivatives, there 
is no such effect for the mammalian or yeast kinases. The fact 
that pyridoxine is essentially ineffective as a source of vitamin 
Be for Lactobacillus casei and Streptococcus faecalis (10, 11) and 
that 4-deoxypyridoxine is ineffective as a vitamin Bs, antagonist 
for these same organisms (11) may be related to the low affinity 
of the bacterial kinases for these compounds. 5-Deoxypyridoxal 
and w-methylpyridoxal, which have high affinities for the kinases, 
effectively inhibit bacterial growth under appropriate conditions 
(12, 13); 4-deoxypyridoxine, w-methylpyridoxal, and 5-deoxy- 
pyridoxal all show relatively high affinities for the yeast kinase 
and are effective vitamin B, antagonists in growing yeast cultures 
(11, 12). 4-Deoxypyridoxine and w-methylpyridoxal also act as 
vitamin B, antagonists in animals (14); 5-deoxypyridoxal has not 
been tested. 

The earlier observation (13) that, under some conditions, 
w-methylpyridoxal replaced pyridoxal as an essential growth 
factor for S. faecalis was interpreted as demonstrating its phos- 
phorylation and the functional equivalence of the product to 
pyridoxal phosphate for certain purposes within this organism. 
Results of Table II demonstrate that w-methylpyridoxal phos- 
phate serves as effectively as pyridoxal phosphate as a coenzyme 
for the tyrosine decarboxylase of S. faecalis. However, although 
the kinase of this organism does phosphorylate w-methyl- 
pyridoxal (Table III), it does so far less readily than it phos- 
phorylates pyridoxal; when present in excess, the analogue 
inhibits phosphorylation of pyridoxal. Thus, the fact that an 
analogue of pyridoxal can be phosphorylated by the kinase can- 
not, without further data, be taken as evidence that the inhibi- 
tory effects of the analogue on growing organisms is not due in 
part, or even primarily, to inhibition of the pyridoxal kinase. 

Of a number of other substituted pyridines tested (Table IV), 
Compounds I, III, IV, and II inhibited pyridoxal phosphate 
formation by the kinase of rat liver most effectively; their 
potency decreased in the order listed. The results are similar 
to those obtained by Hurwitz (4) with the yeast kinase, and 
show that the 3-hydroxyl group of pyridoxal may be replaced 
by an amino group (Compound I) or be omitted completely 
(Compound IT) without destroying the affinity of the compound 
for the kinase. Introduction of a substituent at position 6 
(Compounds III, IV, V) reduces the affinity for the kinase, but 
does not eliminate it. Inhibition of the kinase reaction by these 
compounds does not conform to any simple pattern, inasmuch 
as in several instances the apparent inhibition is greatest at the 
highest concentration of pyridoxal. The data of Table IV do 
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not establish whether any of these vitamin Bs analogues are 
phosphorylated by the rat liver kinase. Hurwitz (3, 4) reported 
that compounds of this nature that lacked a substituent in posi- 
tion 6 were phosphorylated by the yeast kinase, but no informa- 
tion is available concerning comparative rates. At levels similar 
to those tested in Table IV, isopyridoxal, 4-pyridoxic acid, 
5-pyridoxic acid, and 2-methyl-3-hydroxypyridine-4 , 5-dicar- 
boxylic acid were either very weakly inhibitory or without effect 
on the kinase of rat liver. Each of these substances is an inter- 
mediate in the degradation of vitamin Bs by various pseu- 


TABLE [ 
Comparative affinities of vitamin Bs and several analogues 
for various pyridoxal kinases 


| 





Pyridoxal kinase from 





Substrate or analogue* l 
S.carls- | Rat Beef 





L. casei | 5. faecalis bergensis liver | brain 
moles/l X 104t 

Pyridoxal.........2.6225: | 0.30] 0.15| 1.5 | 0.15 | 0.50 
5-Deoxypyridoxal..... | 0.45 0.20} 2.5 |1.5 | 0.35 
w-Methylpyridoxal......| 0.35| 2.0 | 1.5 | 0.45 ~ 
PO OUMNOMAINO 65.05 cones] 40 .| 15 | 0.25 | 0.25 
4-Deoxypyridoxine...... | 20 45 0.40 | 0.15 ‘7 
2-Methy1-3-hydroxy-5- 

hydroxymethylpyri- | | | 

- eae aah ae >10 | 2.0 | 1-5 








* We are indebted to Dr. Karl Folkers of Merck Sharp and 
Dohme for samples of 4-deoxypyridoxine, 5-deoxypyridoxal, and 
w-methylpyridoxine from which w-methylpyridoxal was prepared 
(8). 2-Methyl -3 - hydroxy -5-hydroxymethylpyridine was pre- 
pared by decarboxylation of 4-pyridoxic acid (9). 

tj Apparent K values. Values for pyridoxal and pyridoxine are 
K, values (1); all other values are Ky; values determined from 
Lineweaver-Burk plots of data obtained with various amounts of 
pyridoxal in the absence and presence of a constant amount 
(2 X 10-4 m) of analogue under near optimal conditions for each 
kinase as specified in (1), Table IX. 


TABLE II 


Activation of tyrosine apodecarboxylase of S. faecalis by 
w-methylpyridoxal phosphate 
Each Warburg vessel contained 1.0 mg of tyrosine decarboxyl- 
ase from S. faecalis, 0.5 ml of a 0.03 M suspension of DL-tyrosine, 
1.7 mmoles of potassium succinate, pH 5.5, supplements as in- 
dicated, and water to 3.0 ml. Readings were taken after 10 min- 
utes at 37°. 





Supplements 





CO:2 evolved 


Pyridoxal phosphate | e-Methylpyridoxal 





phosphate* 
mpmoles/3 ml | pl 
0 0 0 
0.05 0 67 
0.10 0 109 
0.20 | 0 150 
0 0.056 51 
0 0.115 100 
0 | 0.230 165 





* Prepared as described elsewhere (8). 
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TaB_e III 


Phosphorylation of w-methylpyridozal by pyridoxal 
kinase of S. faecalis 

S. faecalis kinase, 0.5 mg, 1 umole of ATP, 2 umoles of MgS0,, 
1 umole of ZnSO,, acetate buffer, pH 5.6, equivalent to 25 umoles 
of sodium acetate, substrates as indicated, and water to 2.5 mj 
were incubated for 2 hours at 37°. After treatment with apyrase 
to remove residual ATP (1), equal aliquots of the mixtures were 
then assayed for functional codecarboxylase (pyridoxal phos- 
phate or w-methylpyridoxal phosphate) with the tyrosine apo- 
decarboxylase of S. faecalis (15). Resultant CO: evolution js 
shown in the last column. 





Substrate for kinase F 
COs evolved in tyrosine 
decarboxylase assay 








Pyridoxal w-Methylpyridoxal 

pmoles/l ul/10 min ae 
0 | 0 0 
4 0 42 
0 40 16 
0 400 25 
4 40 35 
4 


400 27 





TABLE IV 
Inhibition of pyridoxal kinase from rat liver 
by substituted 2-methylpyridines 
Incubation mixtures contained 0.2 mm inhibitor, 0.5 mm ATP, 
0.01 mm Zn**+, 75 mm potassium phosphate, pH 6.0, 0.32 mg of 
enzyme, and py ridoxs al as indicated. 





|Pyridoxal phosphate formed after 
pyridoxal added at 
Inhibitor* 





0.02 mm 





| 0.1 mM | 0.3 mu 
. 7 = 7 Sa a | mpmoles 
None | 6.9 | 14.4 | 18.0 
I. 2-Methyl-3-amino-4,5-bis(hy- | | | 
droxymethyl)pyridine. .......... | 2.6 | 6.3 | 10.9 


| 
6.5 | 8.1 14.0 


II. 2-Methyl-4,5-bis (hydroxy- 
methyl) pyridine... ............5.. | 
IIT. 2-Methyl-3-hydroxy-5,6-bis (hy- | 


droxymethyl)pyridine........... | 2.2 10.9 | 11.3 
IV. 2-Methyl-3-amino-4,5,6-tris(hy- | | 

droxymethyl)pyridine........... | 6.5 | 10.9 | 11.3 
V. 2,6-Dimethyl-3 ,4-bis (hydroxy- | | 

methyl)pyridine................. | 6.5 | 12.1 | 16.4 





* These compounds were kindly supplied by Dr. E. C. Korn- 
feld of the Lilly Research Laboratories. 


domonads (9). Surprisingly, 0.2 mm N-methyl pyridoxal! was 
entirely ineffective as an inhibitor. In similar experiments, 
toxopyrimidine? (2-methyl-4-amino-5-hydroxymethylpyrimidine) 
and its 2-mercapto, 2-methylmercapto, and 2-benzylmercapto 
analogues did not inhibit the kinase from human brain when 
tested at 10-5 to 10-4 m concentrations. Within this concentra- 
tion range, pentobarbital, phenobarbital, diphenylhydantoin, 


1 We are indebted to Dr. 
methylpyridoxal. 

2 Toxopyrimidine and its analogues were supplied by Dr. Karl 
Folkers of Merck Sharpe and Dohme. 
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TABLE V 
Inhibitory potencies of certain carbonyl reagents and their 
condensation products with pyridoxal for pyridoxal 
kinases of rat liver and beef brain 

Reaction mixtures contained 0.5 mm pyridoxal and ATP, 
0.01 mm Zn**, 70 mM potassium phosphate, pH 6.0 (liver) or 6.5 
(brain), 0.82 mg of liver enzyme (specific activity 21) or 0.40 mg 
of brain kinase (specific activity 60), and inhibitor. 





| 
Concentration at 


| Nitrogen content 50% inhibition 





Compound tested* 

















| far | rome | Hoss | Bate 
| oF 
| /0 uM 
Free carbonyl reagents | | 
Aminoxyacetic acid........... | 2.0 
RMN 5.3. gs 0. o:tser s+ case wPereisiece | 10 
IES 2s ooo 3.0 5a prasersi'e tos enses | 50 0.55 
Hydroxylamine............... | | 10 0.50 
a-Methylphenethylhydrazine. .| | | 15 1.0 
Semicarbazine................ | | 0.50 
Derivative of pyridoxal 
Sat sc dacncaselincierc | 16.96 | 16.94 | 0.40 0.065 
N,N’-Bis(pyridoxyl)hydra- | 
De icnisias sdeseaneuak vik, | 16.76 | 16.77 0.050 
Hydrazone with isonicotinyl- | 
ND his inn casei nalos | 19.53 | 19.41 0.15 
a-Methylphenethylhydrazone..| 12.51 | 12.85 | 15 1.0 
tt ee noe saree, $0: | 2:5 
Semicarbazone-HCl........... | 21.49 | 21.40 0.05 





* We are indebted to Parke, Davis and Company for samples 
of a-methylphenethylhydrazine and isonicotinylhydrazine (iso- 
niazid). Canaline was isolated after the action of liver arginase 
on canavanine. 


N-methyl-2-phenyl succinimide, and 2,4-dinitrophenol were 
without effect on the enzyme from beef brain. 

Inhibitors Formed from Pyridoxal with Carbonyl Reagents— 
Derivatives of pyridoxal with various carbonyl reagents were 
prepared in good yields by mixing together in equimolar amounts 
nearly saturated solutions of the appropriate carbonyl! reagents 
and pyridoxal, both in 0.1 m sodium acetate buffer, pH 4.5, and 
heating the mixture for 2 to 3 minutes at 100°. The relatively 
insoluble condensation products were filtered from the cooled 
solutions, washed with water, and dried. With hydrazine under 
these conditions, the yellow azine of pyridoxal is formed. The 
white hydrazone is obtained when an excess of hydrazine is used 
atpH8to9. The hydrazone changes spontaneously to the azine 
when its solutions are made slightly acid. Pyridoxal azine was 
reduced to the symmetrically substituted hydrazine derivative 
with sodium borohydride in ethanol and finally crystallized from 
water.’ 

Each of these compounds is highly potent as an inhibitor for 
the two purified kinase preparations tested (Table V). In all 
cases, the beef brain kinase is more sensitive than the rat liver 
kinase to the inhibitors. Separate experiments have demon- 
strated that the pyridoxal kinases of L. casei and of S. faecalis 
also are highly sensitive to these inhibitors; their potency in 
inhibiting the kinase of human brain has been noted elsewhere 


* We are indebted to Dr. Miyoshi Ikawa for preparation of this 
compound. 
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(5, 6). In many instances the condensation products with 
pyridoxal are substantially more inhibitory than the free carbonyl] 
reagents; this is an indication that the latter act by condensing 
with pyridoxal to form the inhibitor during the course of the 
assay. That this is so is seen from the data of Table VI. Hy- 
drazine and other free carbonyl reagents do not inhibit the kinase 
when pyridoxine replaces pyridoxal as substrate, whereas their 
condensation products with pyridoxal inhibit almost equally 
with either substrate. 

No well defined structural requirements in the carbony] reagent 
for production of a potent inhibitor with pyridoxal are apparent, 
although the potencies of the few preformed inhibitors recorded 
in Table V vary at least 20-fold. Variously substituted hy- 
drazines and oximes all produce effective inhibitors. A stable 
—C=N— bond at position 4 of pyridoxal seems to be the pri- 
mary requirement, and reduction of this (as in pyridoxal azine) 
permits retention of the activity in the single case tested. The 
pyridoxylidene amino acids, containing the linkage —C—N—C— 
in position 4 of pyridoxal, are not sufficiently stable to test 
their effects on the kinase (16, 17); their reduction products, the 
pyridoxylamino acids (16, 17), were ineffective as inhibitors. 
The groupings —CH=N—OR or —CH=N—NRR’ at position 
4 thus seem to be minimal requirements for formation of kinase 
inhibitors of this type. A brief survey showed that every 
hydrazine tested formed a potent inhibitor with pyridoxal (Table 
VII). Data of the type shown in Table VII are a result of the 
ability of the hydrazine to form a hydrazone with pyridoxal 
under the assay conditions and the inhibitory effect of the 
hydrazone formed, and should not be considered a measure only 
of the latter. 

It was shown previously (5) that inhibition by these agents 
was not reversed by greatly increased concentrations of pyridoxal, 
ATP, or Zn*+. Fig. 1 shows that the inhibition corresponds 
neither to uncomplicated competitive nor noncompetitive types. 
Certain of the inhibitors are phosphorylated by the kinase, but 
more slowly than pyridoxal. For example, during a 2-hour 
incubation period, 1.8 umoles of pyridoxal phosphate and 2.05 
umoles of ADP were formed in the presence of 12.5 uwmoles of 
pyridoxal, 12.5 umoles of ATP, 0.25 uwmoles of Zn++, 0.01 mM 
potassium phosphate, pH 6.5, and 10 mg of enzyme (specific 


TaBLeE VI 
Effect of substrate on inhibitory action of carbonyl reagents for 
kinase of rat brain 
Incubation mixtures contained: 0.7 mg of rat brain kinase 
(specific activity 20), 70 mm potassium phosphate, pH 6.5, 0.01 
mo inhibitor, 0.5 mm ATP, 0.01 mm Zn**, and 0.5 mm pyridoxal 
or pyridoxine. 











Substrate 
Inhibitor 
Pyridoxal | Pyridoxine 
% inhibition 
BORER ooo. ooo emer ere ane se 85 0 
PVRRGNAN OMINO © 526. 5.0 <<. scknaaieseamiyes 97 88 
nn a a ae me ey ene 65 0 
Pyridoxal semicarbazone.................. 97 93 
ER ARO R GUAM 5 o.s -< 60:3 'esiarate tings spe 25 2 
PWR OEGN GRAND 3 ni0: 05s stericusewiearsteme esis 77 64 
TsonicotiniyINyGrawine ..<... ... 5.0.6 6:50060.0.00000 42 12 
Pyridoxal isonicotinylhydrazone.......... 93 93 
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TaBLe VII 
Inhibition of pyridoxal kinase from beef brain 
by miscellaneous hydrazines 
Assay conditions were those specified for beef brain kinase in 
Table V. Hydrazines were added to the assay mixture at 5 um. 





Substituted hydrazine* Inhibition 
% 
2-Diethylaminoethyl)hydrazine.................... 20 
; (2-Hydrazinopropyl)piperidine..................... 31 


(3-Dimethylamino-2- mothyiprepyi)hydrasine. sc aula 39 


on en oS See ee eee 53 
1, 1-Bis(2-diethylaminoethyl)hy dresine s diSiczatin 2 | 51 
1-Aminopiperidine. . . ag iy 5 sya acer 58 
- ee: ~ a a cischaa saleeNeeer ee 52 

‘-ELYGVOSINOGICEHANOL. .. .... oe ee eee ess caval 47 
2 2 IL- (2-Diethylaminoethyl)hy dessinelethancl Re ie: 44 
1-Cyclohexyl-1-methylhydrazine. sia eren 29 
parE AMUINNIINN 55.5 oo sso. 58 oid wy. oS See ieee | 59 





* We are indebted to Dr. E. Elslager of Parke, Davis and 
Company for samples of these compounds. 
















= A | B 
Ia tH aT 
a0 2.0 Control --2 
a 
g x ‘ 
a> or Te 

= | 

a Ks | x 
= a 10 Dihydrazone | 44 > 
XO | | = 
o= 05 | Zcontrol 12 
é | 
a é | i | i N | | 

10) r2@a¢# Ss 2s 342 6 
PYRIDOXAL V/s x 1074 ; 


(MOLARITY x 10%) 

Fic. 1. Inhibition of pyridoxal kinase from beef brain by py- 

ridoxal dihydrazone of 1,4-diaminopiperazine. A, Michaelis- 

Menten plots; B, Lineweaver-Burk plots. Incubation mixtures 

contained pyridoxal or pyridoxal plus 0.5 um dihydrazone, 0.5 mm 

ATP, 0.01 mm Zn**, 75 mM potassium phosphate, pH 6.0, and 1.25 
mg of enzyme (specific activity 50). 


activity, 95) from beef brain. When pyridoxal oxime replaced 
pyridoxal in the incubation mixture, only 1.01 wmoles of ADP 
were formed.‘ Pyridoxal phosphate oxime, the presumed 
product, is readily prepared chemically and was ineffective as a 
kinase inhibitor, as were derivatives formed from pyridoxal phos- 
phate with hydrazine, semicarbazine, or isonicotinylhydrazine. 


SUMMARY 


A variety of vitamin Bs analogues and variously substituted 
oximes and hydrazones of pyridoxal were examined as inhibitors 


4 No ADP was formed in the absence of pyridoxal or its oxime. 
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of purified pyridoxal kinases from several organisms. Inhibitory 
analogues containing a 4-formyl group (5-deoxypyridoxal, w. 
methylpyridoxal) resembled pyridoxal in their affinity for the 
five kinases tested; similarly, those lacking the 4-formy] group 
(4-deoxypyridoxine, 2-methyl-3-hydroxy-5-hydroxymethylpyri- 
dine) resembled pyridoxine. w-Methylpyridoxal was phos. 
phorylated by S. faecalis pyridoxal kinase much more slowly 
than pyridoxal, but w-methylpyridoxal phosphate is fully effec- 
tive as a coenzyme for the tyrosine decarboxylase of this organ- 
ism. A number of other 2-methylpyridines containing altered 
substituents at other positions also inhibit the kinase. 

Condensation products formed from pyridoxal and hydroxy]- 
amine, O-substituted hydroxylamines, hydrazine, and substituted 
hydrazines were extremely potent inhibitors of the pyridoxal 
kinases of all organisms tested; affinities for these inhibitors 
ranged from 100 to 1000 times those for pyridoxal. The corre- 
sponding derivatives of pyridoxal phosphate were not inhibitory, 
The free carbonyl reagents were ineffective as inhibitors, as 
shown by their failure to inhibit the kinase when pyridoxine 
was the substrate. 
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Extracts of rabbit liver and brain are known (1, 2) to oxidize 
pyridoxine 5-phosphate to pyridoxal 5-phosphate much faster 
than they oxidize free pyridoxine to pyridoxal. Comparison 
of the two activities during limited purification indicated that 
different enzymes catalyzed the two reactions (1). Pogell (3) 
had shown previously that oxidation of pyridoxamine 5-phos- 
phate was catalyzed by an enzyme present in rabbit liver. ‘This 
enzyme was purified approximately 15-fold and was shown to be 
distinct from both monoamine oxidase and diamine oxidase. 

Further investigations of the purification and properties of 
pyridoxine 5-phosphate oxidase and of pyridoxamine 5-phosphate 
oxidase, reported herein, lead to the conclusion that the two 
enzymes are probably identical. In the course of these investiga- 
tions, a simple photometric method has been developed for the 
determination of pyridoxal or pyridoxal 5-phosphate in enzy- 
matic reaction mixtures. 


EXPERIMENTAL PROCEDURE 


Materials—Deoxypyridoxine phosphate (deoxypyridoxine-P) 
and isoriboflavin were kindly provided by Dr. Karl Folkers of 
Merck and Company, Inc. Pyridoxine 5-phosphate (pyridoxine- 
P) (4), w-methylpyridoxamine phosphate (w-methylpyridox- 
amine-P) (5), pyridoxal oxime (6), and pyridoxal 5-phosphate 
oxime (pyridoxal-P oxime) (4) were synthesized by the pro- 
cedures described in the references cited. Isopyridoxal was 
isolated from the culture medium of Pseudomonas sp. 1A grown 
on pyridoxine (7). 4-Pyridoxic acid phosphate (4-pyridoxic 
acid-P) was synthesized! by shaking a 1% aqueous solution of 
pyridoxal 5-phosphate (pyridoxal-P) in the dark for 24 hours at 
30° with an excess of freshly prepared silver oxide. The mixture 
was saturated with HS and filtered. The product crystallized 
on concentrating the solution in a vacuum and analyzed correctly 
for N (found, 5.31; calculated, 5.32%) and P (found, 11.66; 
calculated, 11.79%). It was free of pyridoxal-P and chroma- 
tographed on paper as a single zone which showed a bright blue 
fluorescence under ultraviolet light. Hydrolysis with HCl 
yielded a mixture of 4-pyridoxic acid and its lactone. 

Alumina Cy was prepared according to Willstatter and Kraut 
(8). DEAE-cellulose (Brown Company) was recycled through 
acid and base before use. 

Other chemicals were from commercial sources. 


Determination of Pyridoxal and Pyridoxal-P 


1. Principle—Both pyridoxal and its 5-phosphate form highly 
colored hydrazones with a variety of aromatic hydrazines in 


1 We are indebted to Dr. M. Ikawa for this preparation. 


acidic, aqueous solutions. Phenylhydrazine was the most satis- 
factory hydrazine tested, and yields with pyridoxal-P a stable, 
intense yellow color (Amax = 410 my) at room temperature or 
below (Figs. 1 and 2). Pyridoxal reacts more slowly? but gives 
the same high extinction on heating at 60° (Fig. 1). This differ- 
ence in rate of color development can be increased by decreasing 
the temperature and by increasing the acidity of the reaction 
mixture, and permits determination of pyridoxal-P in the pres- 
ence of a moderate excess of pyridoxal. 

2. Phenylhydrazine Reagent—Phenylhydrazine hydrochloride 
(2 g) is dissolved in 100 ml of 10 Nn H.SO,. The reagent can be 
kept in the refrigerator for several weeks but should be renewed 
when any brown color appears 

3. Determination of Pyridoxal or Pyridoxal-P—To 3.8 ml of 
deproteinized sample containing 0.01 to 0.1 umole of pyridoxal 
or pyridoxal-P is added 0.2 ml of phenylhydrazine reagent. 
When pyridoxal-P is to be determined in the absence of pyridoxal, 
the samples are allowed to stand 10 minutes at room temperature, 
and read at 410 my in a Bausch and Lomb Spectronic-20 colorim- 
eter. For determination of pyridoxal alone, or of pyridoxal plus 
pyridoxal phosphate, the solutions are heated at 60° for 20 
minutes, and allowed to stand at room temperature for 10 min- 
utes before reading at 410 mu. The absorbancy at this wave 
length follows Beer’s law in the concentration range 0 to 0.025 
mM pyridoxal or pyridoxal-P, and is equal for the two com- 
pounds. The rates and extent of color development under 
various conditions are shown in Fig. 1. 

4. Determination of Pyridoxal-P in Presence of Excess Pyri- 
doxal—F¥or this purpose, color development with pyridoxal is 
inhibited by decreasing the temperature to 0° (Fig. 1) and in- 
creasing the acidity? by addition of 0.5 ml of 18 N H,SO4. Phen- 
ylhydrazine reagent (0.2 ml) is added and after 30 minutes at 
0° the absorbancy is measured at 410 my. Under these condi- 
tions, amounts of pyridoxal up to 1.0 umole did not contribute 
to the color produced. 

5. Specificity of Procedure—a-Ketoglutarate, pyruvate, and 
similar a-keto acids do not interfere. Of several other naturally 
occurring carbonyl compounds tested, only glyoxylate interfered; 
its color yield after heating was only about 0.5% that of equi- 
molar amounts of pyridoxal. 5-Deoxypyridoxal and p-nitro- 


2 The slower color development with pyridoxal reflects the fact 
that this compound exists primarily as the hemiacetal in acidic 
solutions (9); with 5-deoxypyridoxal, color develops at the same 
rate as with pyridoxal phosphate. At pH values between 4.0 
and 7.0, pyridoxal reacts much more rapidly with phenylhydra- 
zine. 
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Fic. 1. Effect of time and temperature on color development 
between pyridoxal (@) or pyridoxal-P (O) and phenylhydrazine. 
Each tube contained 0.05 umole of pyridoxal or pyridoxal phos- 
phate in 4 ml and sulfuric acid at a final concentration of 2 N. 

Fic. 2. Absorption spectra of 0.02 mm pyridoxal-P (——) or 
pyridoxal (- - - -) in 0.1 Nn NaOH (A, a), in 25% ethanolamine 
(B, 6) or after treatment with phenylhydrazine at 60° (C, c) as 
described in text. : 


salicylaldehyde give color similar to pyridoxal,? whereas iso- 
pyridoxal, salicylaldehyde, and benzaldehyde do not. 

The method is very suitable for determination of pyridoxal-P 
or pyridoxal in enzymatic reaction mixtures. When applied 
to crude materials such as urine or liver extract, the absorbancy 
at 410 my is somewhat greater than can be accounted for by the 
expected pyridoxal content of the sample. Difficulty from this 
source was experienced only in the initial phases of this investiga- 
tion, before purification of the enzyme was effected. In thése 
instances, an appropriate blank containing the enzyme extract 
but no substrate was used to correct the values for pyridoxal-P 
production. As shown by data of Fig. 2, the phenylhydrazine 
procedure is substantially more sensitive than either the ethanol- 
amine procedure used by Metzler and Snell (12) for estimation of 
pyridoxal in nonenzymatic reaction mixtures or the direct 
spectrophotometric estimation of pyridoxal-P in 0.1 n NaOH. 
It is more convenient, but less sensitive and less specific than the 
apotryptophanase method (13) used in earlier investigations. 
Although less sensitive than a recently described procedure based 
on fluorimetry of the cyanohydrins of pyridoxal or of pyridoxal-P 
(14), the phenylhydrazine procedure has the advantage of being 
insensitive to presence of an excess of other vitamin Bg deriva- 
tives. The method of choice among these various procedures 
obviously is dictated by the sensitivity required and by other 
experimental considerations. 

Determination of Enzyme Activity—Stoppered 50-ml Erlen- 
meyer flasks containing enzyme, substrate (1 umole of pyri- 
doxine-P or of pyridoxamine-P), and Tris buffer (pH 8.0, final 
concentration 0.2 M) in a volume of 3.5 ml were shaken at 37° 
for 30 minutes. The reaction was stopped by addition of 0.3 ml 
of 100% (weight per volume) trichloroacetic acid. If a precipi- 
tate formed, the mixture was centrifuged and 3 ml of the superna- 

3 These compounds also resemble pyridoxal in the catalysis of 


several nonenzymatic reactions of amino acids; glyoxylate is 
substantially less effective (10, 11). 
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tant were taken for determination of pyridoxal-P. With purified 
enzyme preparations, no precipitate appeared, and the entire 
sample was used for this determination. Specific activities of 
oxidase preparations are given in terms of the mumoles of 
pyridoxal phosphate formed per mg of protein per hour under 
these conditions. Variations from these conditions are given 
with the tables and figures. 

Protein was determined by the method of Lowry et al. (15) or 
by measurement of optical density at 280 my against crystalline 
bovine serum albumin as standard (16). Ammonia was deter- 
mined colorimetrically with ninhydrin (17) after its separation 
from reaction mixtures by the microdiffusion technique of Con- 
way (18). 


RESULTS 
Source Material—Rabbit liver was a more active source of 
pyridoxine-P oxidase than either rat or beef liver, and was there- 
fore used as a source material. The livers of freshly slaughtered 
animals were held at —10° to —15° until used. Brain and kid- 
ney were much less active than liver. All preparative steps 
except those specified were carried out at 0-5°. 


Purification of Oxidase 

1. Extraction and Acid Treatment—Frozen rabbit liver (150 g) 
was thawed, diced, homogenized for 5 minutes in a Waring 
Blendor with 600 ml of 0.02 m potassium phosphate buffer, pH 
7.0, and centrifuged for 30 minutes at 18,000 x g. The superna- 
tant solution (Fraction 1, Table I) was adjusted to pH 5.0 by 
dropwise addition with constant stirring of 2.0 N acetic acid. 
After 10 minutes, the precipitate was removed by centrifugation 
and the supernatant solution was brought to pH 7.0 with 2.0 x 
NaOH. A slight precipitate, which sometimes appeared, was 
removed by centrifugation. 

2. Heat Treatment—The clear supernatant solution (Fraction 
2) was warmed to 50° by swirling in a 60° water bath, held at 
50° for 8 minutes, cooled rapidly to approximately 20°, and 
centrifuged. 

3. Ammonium Sulfate Fractionation—To the supernatant 
solution (Fraction 3), solid ammonium sulfate (22.8 g/100 ml, 
30% saturation) was added. After 30 minutes at 2-5° the 
enzymatically inactive precipitate was removed by centrifuga- 
tion and additional ammonium sulfate (15.2 g/100 ml, 50% 
saturation) was added gradually to the supernatant solution. 


TABLE I 


Purification of pyridoxine phosphate oxidase and 
pyridoxamine phosphate oxidase from rabbit liver 











Fraction No.| Volume Protein | = | Yield | PNP ondase 
| | PMP oxidase 
ml mg/ml % | 

1 610 34.0 6.5 100 | 1.07 

2 520 16.4 13.0 | 83 | 1.16 

3 485 10.8 13.0 | 7 | 1.14 

4 69 32.5 36.4 | 59 | 1.08 

5 20 11.0 166.0 | 27 | 1.05 

6 | | 431.5 1.10 


* PNP = pyridoxine phosphate, PMP = pyridoxamine phos- 
phate. 
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After 60 minutes, the active precipitate was collected by cen- 
trifugation and dissolved in approximately 3p the initial volume 
of water. The clear solution was dialyzed against distilled water 
overnight and centrifuged to remove precipitated inactive pro- 
tein. 

4, Alumina Cy Gel Treatment—The dialyzed solution (Frac- 
tion 4) was adjusted to pH 6.0 with 1.0 N acetic acid and cen- 
trifuged. To each 10-ml portion of the supernatant solution was 
added 2.0 ml of alumina Cy gel (7.0 mg of alumina). After 20 
minutes of constant stirring, the suspension was centrifuged and 
the supernatant solution was treated a second time with the 
same amount of alumina gel. This procedure was repeated four 
more times. For elution, each gel precipitate was suspended 
separately in 10 ml of 0.5 m potassium phosphate buffer, pH 8.0, 
stirred occasionally for 20 minutes, and centrifuged. 

Most of the oxidase activity appeared in the eluates from the 
third and fourth gel treatments. These were combined (Frac- 
tion 5) and used for most of the experiments. 

5. Fractionation on DEAE-Cellulose—Fraction 5 (160 mg of 
protein) was dialyzed against distilled water overnight, poured 
over a 1.7 X 12-cm column of DEAE-cellulose, and eluted in a 
linear gradient established between 0.01 m potassium phosphate 
buffer (pH 8.0) and buffer plus 0.2m NaCl. The elution pattern 
(Fig. 3) was quite reproducible. The most active fraction 
(Fraction 6) contained protein of specific activity 432, purified 
approximately 66-fold over the protein of the initial extract. 

Throughout the purification procedure, oxidase activity to- 
ward pyridoxine-P exactly paralleled that toward pyridoxamine- 
P (Table I and Fig. 3), thus providing strong evidence that both 
catalytic activities are due to a single protein. 

Properties of Partially Purified Enzyme—Properties of the 
enzyme were determined with 0.1 ml of Fraction 5 (Table I) 
per assay flask as the enzyme source in all instances. 

1. Effect of pH—Both pyridoxine-P and pyridoxamine-P were 
oxidized optimally between pH 9.0 and 10 (Fig. 4). At pH 9.7 
both substrates are oxidized to almost the same extent; below 
pH 8.0, pyridoxine-P is by far the better substrate. Because 
the aminomethyl group of pyridoxamine-P (pK = 10.9 (19)) 
is largely protonated below pH 9.0, the unprotonated group is 
probably attacked preferentially by the enzyme. 
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Fig. 3. Comparative elution patterns of protein and of pyri- 
doxine phosphate oxidase or pyridoxamine phosphate oxidase from 
a DEAE-cellulose column (see text). 
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Fic. 4. Relation of pH to oxidation rate of pyridoxine-P (@) or 
pyridoxamine-P (©). Curves 1 and 2, Tris buffer (0.2 m); Curves 
3 and 4, acetate (pH 4.0 to 6.0), phosphate (pH 6.0 to 8.0), or 
carbonate buffer (pH 9.0 to 10.0) at a final concentration of 0.1 m. 
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Fig. 5. Effect of various amino compounds on the rate of oxi- 
dation at pH 8.0 of pyridoxine-P (@) or of pyridoxamine-P (0). 
Part A: 0.2 m Tris (——) or 0.1 m phosphate (----) buffer. 
Part B: 0.1 m phosphate buffer plus: Curve 1, cysteine; Curve 2, 
Tris; Curve 3, valine; Curve 4, a-aminobutyric acid; Curve 5, 
alanine; Curve 6, Tris. Assay conditions were those specified 
in the text with variations in the time or buffer content. 


2. Inhibition of Oxidase by Pyridoxal-P and Its Alleviation by 
Amines—The pronounced difference in the pH activity pattern 
with Tris and phosphate buffers (Fig. 4) suggested that the 
reaction product, pyridoxal-P, inhibited the oxidation and that 
Tris partially overcame this inhibition through formation of a 
less inhibitory Schiff’s base. In support of this idea, Fig. 5A 
demonstrates that the initial rate of pyridoxal-P formation is 
the same in both buffers, but decreases much more rapidly in 
phosphate than in Tris buffer. Other amino compounds that 
form derivatives with pyridoxal-P exert an activating effect 
similar to that of Tris (Fig. 5B); cysteine, which readily forms a 
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Fig. 6. Effect of added pyridoxal-P on the rate of oxidation of 
pyridoxine-P (@) or of pyridoxamine-P (O). Part A: 0.1 mM 
phosphate buffer. Part B: 0.2 m Tris buffer. Solid lines, no 
added pyridoxal-P; dash lines, 0.1 umole of added pyridoxal-P 
per assay flask. 
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Fic. 7. The effect of substrate concentration on the rate of 


formation of pyridoxal-P. Part A: Curve 1, pyridoxine-P; Curve 
2, pyridoxamine-P; Curve 3, both substrates; Curve C, summation 


of 1 and 2 (ealeulated). Part B: Curves 4 and 4’, pyridoxamine-P 
only as substrate; Curves § and 4’, the indicated concentration of 
pyridoxamine-P plus 1 ymole of pyridoxine-P per 3.5 ml. Solid 
lines, pyridoxal-P formation; dash lines, formation of ammonia. 


labile thiazolidine derivative with pyridoxal-P (20), was more 
effective than Tris.4 Finally, addition of pyridoxal-P decreases 
production of pyridoxal-P by the oxidase from both substrates 


4 Penicillamine was even more effective than cysteine in this 
respect, as was also semicarbazide; phenylhydrazine was inhibi- 
tory. These compounds, unlike Tris and the less effective amino 
acids, partially inhibit formation of the colored reaction product 
between pyridoxal phosphate and phenylhydrazine. This was 
corrected by heating the deproteinized sample with the phenyl- 
hydrazine reagent at 60° for 20 minutes, as in the determination 
of pyridoxal, and with the use of a standard curve derived from 
known amounts of pyridoxal phosphate in the presence of con- 
centrations of carbonyl reagent identical to those used in the 
enzymatic reaction mixtures. 
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(Fig. 6). The effect is more pronounced when pyridoxamine-P 
is the substrate, and is much reduced by addition of Tris. 

An initially puzzling observation was the failure of pyridoxal-P 
formation to increase linearly with enzyme concentration when 
pyridoxamine-P was the substrate under the standard assay 
conditions, even though 90% or more of the initial substrate 
remained at the end of the assay period. Pogell (3) noted the 
same phenomenon without further comment. It results in an 
apparent decrease in specific activity of the enzyme as its con- 
centration in the assay mixture is increased, and appears to be 
caused by the accumulation of sufficient pyridoxal-P to inhibit 
further oxidation of pyridoxamine-P regardless of enzyme con- 
centration. Because inhibition by pyridoxal-P is competitive 
with substrate, the phenomenon can be prevented by increasing 
the initial concentration of pyridoxamine-P. It is also observed 
when pyridoxine-P is the substrate if that compound is used at an 
initial concentration one-third of that normally employed.) 

3. Comparative Affinities of Oxidase for Pyridoxine-P and 
Pyridoxamine-P—Michaelis constants calculated from the sub- 
strate concentration curves (Curves 1 and 2, Fig. 7) are 3.1 x 
10- m and 1.4 X 10-‘ m for pyridoxine-P and pyridoxamine-P, 
respectively. Extrapolated maximal velocities for the two sub- 
strates are identical. The higher affinity of the enzyme for 
pyridoxine-P correlates with the fact that pyridoxal-P inhibits 
oxidation of this substrate to a smaller extent than it does that 
of pyridoxamine-P. Further strong evidence that a single en- 
zyme oxidizes both substrates is the fact that pyridoxal-P forma- 
tion is not additive in the presence of both substrates (Fig. 7A) 
and that the substrate with the higher affinity, pyridoxine-P, 
strongly inhibits pyridoxal-P production from pyridoxamine-P, 
as measured either directly or by release of ammonia (Fig. 7B). 

4. Resolution of Oxidase and Reactivation by FMN*—Data of 
Pogell (3) and of Morisue et al. (2) indicated that the prosthetic 
group of the oxidase should be either FAD or FMN. The 
enzyme was resolved by the following modification of the method 
of Warburg and Christian (21). Saturated ammonium sulfate 
solution was adjusted to pH 2.8 with HCl and added dropwise 
with stirring to an equal volume of the oxidase preparation 
(Fraction 5, Table I). After 5 minutes at 0°, the precipitate was 
collected by centrifugation, resuspended in cold ammonium 
sulfate solution (50% saturated, pH 2.8), again collected by 
centrifugation, and finally dissolved in a volume of 0.2 m phos- 
phate buffer, pH 8.0, equal to the original volume of the enzyme 
preparation. Some insoluble matter present was centrifuged 
and discarded. This preparation was essentially inactive in the 
absence of added flavin coenzymes; it was fully reactivated for 
oxidation of both pyridoxine-P and pyridoxamine-P by low 
concentrations of FMN (Fig. 8). The Michaelis constant for 
FMN was 3.1 X 10-° m. FAD was about 0.1% as active as 
FMN; an FMN-free sample of FAD prepared by chroma- 
tography (22)? showed this same low activity, but it is not known 

5 These results were obtained in 0.2 m Tris buffer and were 
unchanged by increasing its concentration. It thus becomes ap- 
parent that although the products of interaction of Tris (and other 
amino compounds) with pyridoxal-P are less inhibitory than free 
pyridoxal-P, they retain reduced inhibitory activities. This is 
evident also from the fact that different amines, at their maxi- 
mally effective concentrations, activate to a different extent (Fig. 
5B). 

ihe abbreviations used are: FMN, flavin mononucleotide; 
EDTA, ethylenediaminetetraacetate. ‘ 

7 We are indebted to Dr. F. M. Huennekens for this preparation. 
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Fic. 8. Reactivation of the resolved pyridoxine phosphate 
oxidase by FMN and related compounds. Part A: Curves 1 and 
2, pyridoxine-P as substrate; Curves 1’ and 2’, pyridoxamine-P 
as substrate. Part B: Pyridoxamine-P as substrate in all cases. 
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Fig. 9. Effect of heating at two pH values on the oxidase activ- 
ity of the enzyme with pyridoxine-P (@) or pyridoxamine-P (O) 
as substrate. 

Fie. 10. Comparative action of the purified oxidase on pyri- 
doxamine-P (PMP) and on free pyridoxamine (PM) at pH 9.7 
or pH 8.0. 











whether this activity is due to FAD per se, or whether traces of 
FMN are formed from FAD by spontaneous breakdown or by 
contaminating enzymes in the oxidase preparation. It is clear, 
however, that FMN must serve as the prosthetic group in vivo. 
Synthetic lyxoflavin 5’-phosphate (23)? was active at a concen- 
tration similar to FAD; free riboflavin showed slight activity at 
high concentrations, whereas isoriboflavin and cyclic FMN phos- 
phate (24)? were wholly inactive. 

5. Rates of Heat Inactivation of Oxidase Activities—Oxidase 
preparations (Fraction 5) were held at pH 5.0 or pH 7.0 and at 
various temperatures for 10 minutes. Their activities for oxida- 
tion of pyridoxamine-P and pyridoxine-P (Fig. 9) disappeared 
at the same rate, again indicating that a single enzyme system 
catalyzes both reactions. Separate experiments showed that 
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neither salts nor substrates conferred added heat stability on the 
enzyme. 

6. Effects of Chelating Agents, Metal Ions, and Vitamin By 
Analogues on Oxidase Activity—Oxidase activity was not de- 
creased by 1 mm 8-hydroxyquinoline, o-phenanthroline, a,a- 
dipyridyl, or EDTA. This was observed both for the holoen- 
zyme tested in the customary assay, and in experiments in which 
each of these chelating agents was incubated with the resolved 
apo-oxidase for 10 minutes before addition of FMN and sub- 
strate. Mg++, Mn++, Fet+, Fet++, or Zn++ at concentrations 
of 1 mm did not affect activity of the oxidase; 1 mm Hg*+ or 
Cutt, and 0.1 mm p-chloromercuribenzoate inhibited to the 
extent of 90 to 95%. 

Unphosphorylated vitamin Bez derivatives were essentially 
without inhibitory activity (Table II). Each of the phos- 
phorylated analogues tested, however, was a rather effective 
inhibitor of the oxidase. The inhibitors are uniformly less effec- 
tive when pyridoxine-P serves as substrate in place of pyri- 
doxamine-P, a clear indication that they act by competing with 
the normal substrates. Pyridoxal-P oxime, the most effective 
of the inhibitors found, appears to have a somewhat higher 
affinity for the oxidase than either of its normal substrates. 
When w-methylpyridoxamine-P was tested as substrate, a com- 
pound indistinguishable from pyridoxal-P by the phenylhy- 
drazine test was formed. This was assumed to be w-methyl- 
pyridoxal-P. The rate of its formation equaled that of 
pyridoxal-P formation from pyridoxamine-P under the same 
conditions. 

7. Oxidation of Pyridoxamine—In agreement with the report 
of Pogell (3), purified preparations of the enzyme were found to 
oxidize pyridoxamine to pyridoxal when the reaction was carried 
out near pH 10.0 (Fig. 10); pyridoxine was not oxidized under 
these conditions. 

Fragmentary data indicate that pyridoxamine is oxidized by 
the pyridoxine (pyridoxamine) phosphate oxidase. Prepara- 


TABLE II 


Inhibition of oxidation of pyridoxine-P and of 
pyridoxamine-P by related compounds 

















Inhibition of pyridoxal-P 
formation* from 

Inhibitor Concentration — 

| nem ane Pyridoxa- 
| mine-P 

M % 

PVMCeIRG io: Jk s shows 10-% <3.0 <3.0 
IN 682 85S sector aaceen 10-3 6.5 7.0 
POPIOR RATIO «0s: cs 0.9 cin ancien 10-3 <3.0 <3.0 
PRG SEOORGN ooo os dois inid oesene 10-3 <3.0 <3.0 
4-Deoxypyridoxine............ 10-3 0.0 0.0 
4-Deoxypyridoxine-P.......... 10-3 42.0 70.2 
4-Deoxypyridoxine-P.......... 2X 10-4 34.0 54.0 
4-PyridOxi0 acid, ...6....5:..06004s 10-3 3.0 5.0 
4-Pyridoxic acid-P............ 10-3 33.5 62.0 
4-Pyridoxic acid-P............ 2X 10-4 23.5 52.0 
Pyridexcal oxime... ...........-. 10-3 0.0 0.0 
Pyridoxal-P oxime............ | 2x 10-4 80.0 83.6 
Pyridoxal-P oxime............ | 105 57.0 | 67.5 
PyridOmal-P GEIING ,<.5.-.5:5:< 15:0: | 10-6 17.0 | 31.0 








* Assay conditions as specified in text. 
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Fie. 11. A summary of the known metabolic transformations 
of vitamin B, in animal tissues. 


tions of specific activity 6, 30, 98, and 278 showed an essentially 
constant ratio of activity on pyridoxamine-P to that on pyri- 
doxamine. The apo-oxidase failed, to oxidize pyridoxamine; 
addition of FMN restored the activity, whereas FAD was very 
much less effective. To achieve a given rate of product forma- 
tion requires over 20 times higher concentration of pyridoxamine 
than of pyridoxamine-P (Fig. 10). At the more nearly physio- 
logical pH of 8.0, at which pH oxidation of both pyridoxine-P 
and pyridoxamine-P proceeds at nearly maximal rates (Fig. 4), 
that of pyridoxamine falls essentially to zero. It thus appears 
unlikely that pyridoxamine serves as an important substrate 
for this enzyme in vivo. 


DISCUSSION 


The enzymatic transformations of vitamin Bs that are known 
to occur in mammalian tissues are summarized in Fig. 11. 
Pyridoxine, pyridoxal, and pyridoxamine are converted with 
approximately equal efficiency to the corresponding 5-phosphates 
by the pyridoxal kinase of animal tissues (13) and of yeast (25, 
26). Oxidation of pyridoxine to pyridoxal has been detected in 
mammalian livers (27), but relatively high concentrations are 
required and the reaction is much slower than the oxidation of 
pyridoxine-P to pyridoxal-P (1). It is probable, therefore, as 
postulated previously (1, 25), that the main pathway of pyri- 
doxal-P formation from pyridoxine is via pyridoxine-P. A simi- 
lar situation exists with pyridoxamine. This compound is 
readily phosphorylated to pyridoxamine-P (13, 26), which in 
turn is readily oxidized enzymatically to pyridoxal-P.8 Although 
enzymatic oxidation of free pyridoxamine to pyridoxal does 


8 The interconversion of enzyme-bound pyridoxamine-P and 
enzyme-bound pyridoxal-P is an essential feature in the action of 
amino acid transaminases (28). Inasmuch as transaminases bind 
their coenzymes rather tightly, it appears unlikely that this offers 
a mechanism for the net conversion of pyridoxamine-P to pyri- 
doxal-P. Claims (29) that a pyridoxamine-P transaminase exists 
in E. coli have been withdrawn (30); we have been unable to 
detect such an enzyme in extracts of Z. coli or of animal tissues. 
Activation of some pyridoxal-P enzymes by added pyridoxamine-P 
plus ketoacids does occur (31, 32) but in those instances so far 
studied (J. C. Senez, private communication, and unpublished 
data of the authors) activation has proved due to nonenzymatic 
transamination similar to that studied earlier with the unphos- 
phorylated compounds (12). 
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occur, data cited herein indicate that it becomes important only 
at substantially higher concentrations of pyridoxamine. An 
alternate route from free pyridoxamine to pyridoxal is by way 
of transamination with oxaloacetate,® but this route, too, he. 
comes important only at higher concentrations of pyridoxamine. 
Because all the evidence indicates that the oxidase studied here 
is responsible for the oxidation of both pyridoxine-P and pyri- 
doxamine-P to pyridoxal-P, this enzyme, together with the 
pyridoxal kinase, assumes a central role in the conversion of both 
pyridoxine and pyridoxamine to pyridoxal-P. This role is con- 
sistent with, and goes far to explain, the otherwise puzzling 
observation that pyridoxine (and, to a lesser extent, pyri- 
doxamine) is markedly superior to pyridoxal in overcoming the 
inhibitory action of 4-deoxypyridoxine in yeast (33) and in 
chick embryos (34). 


SUMMARY 


A simple photometric procedure involving reaction of pyridoxal 
and pyridoxal phosphate with phenylhydrazine has been devel- 
oped for the estimation of these compounds in enzymatic reac- 
tion mixtures. With the aid of this method, an enzyme that 
oxidizes pyridoxine phosphate to pyridoxal phosphate has been 
purified approximately 65-fold from rabbit liver. The purified 
enzyme, like the crude extract, also converts pyridoxamine 
phosphate to pyridoxal phosphate. 

Comparative studies of purification, pH optima, and rates 
of heat inactivation all indicate that the two enzymatic activities 
are properties of a single enzyme. Oxidation of both substrates 
is strongly inhibited by the product of the reaction, pyridoxal 
phosphate. This inhibition is markedly decreased by Tris buffer, 
cysteine, and other compounds that form Schiff’s bases or 
thiazolidine derivatives of pyridoxal phosphate. The enzyme 
is a flavoprotein, and can be resolved from its prosthetic group 
by precipitation with ammonium sulfate under acid conditions. 
Riboflavin 5’-phosphate fully reactivates the apoenzyme for 
oxidation of both substrates; flavin adenine dinucleotide re- 
activates only at concentrations 1000 times higher. 

The oxidase is inhibited by relatively high concentrations of 
Cut++, Hg*+, and p-chloromercuribenzoate. Unphosphorylated 
analogues of vitamin Be, are not effective inhibitors, but some 
phosphorylated analogues of the vitamin (4-deoxypyridoxine 
phosphate, 4-pyridoxic acid phosphate, and especially pyridoxal 
phosphate oxime) are potent inhibitors with affinities for the 
oxidase approaching or surpassing those of its substrates. 

The transformations that vitamin Bs undergoes in vivo are 
discussed briefly. It is concluded that the primary pathway of 
pyridoxal phosphate formation from pyridoxine or pyridoxamine 
in animal tissues is phosphorylation by the pyridoxal kinase 
followed by action of the oxidase studied here. 
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In previous experiments reported from this laboratory (1) 
N-methy]-4-pyridone-5-carboxamide was isolated from rat urine 
and identified as the major urinary metabolite of the pyridine 
nucleotides. Recently Wieland et al. (2) synthesized this 4-pyri- 
done and have found their synthetic product to be identical 
with the compound isolated from rat urine. Experiments have 
now been carried out to determine whether the pyridine nucleo- 
tides are similarly metabolized by the monkey and the human. 

In the case of the monkey, C"*-nicotinic acid was injected into 
the animal, whereas the isotope dilution method was used to 
study the excretion of N-methyl-4-pyridone-5-carboxamide and 
N-methyl-2-pyridone-5-carboxamide by the human. 


EXPERIMENTAL PROCEDURE 


Monkey Experiment 


A 4-year-old 18-pound male Rhesus monkey was used for the 
study. A dose of 3.5 mg (127.5 uc) of C-nicotinie acid plus 
17.2 mg of nonlabeled nicotinic acid was injected intramuscu- 
larly. The monkey was confined in a metabolism cage, and 
food and water were given ad libitum. Urine samples were 
collected at 24-hour intervals for 8 days, and after each collec- 
tion the cage was washed with water. Labeled metabolites of 
nicotinic acid were separated and identified as described in 
previous studies (1, 3). 

Each 24-hour urine collection was analyzed by paper chroma- 
tography, with n-butanol, acetone, and H.O (45:5:50) (4). For 
the first 4 days, the radioautograms showed six bands which 
were identified as follows (listed in order of increasing R, value): 
Band 1, N-methylnicotinamide; Band 2, nicotinuric acid; Band 
3, nicotinic acid; Band 4, 4-PY;! Band 5, -2-PY; and Band 6, 
nicotinamide. However, only four compounds were found on 
the 6th and 8th days, namely, Bands 1, 4, 5, and 6. These 
four metabolites have also been found in rat urine as persisting 
metabolites (1). The distribution of radioactivity among the 
metabolites is shown in Table J. The percentage of radioactiv- 
ity excreted as 2-PY increased with time after injection, so that 
at 6 days it accounted for 73%, whereas only 7% was present 
as the 4-PY. Thus, in monkey urine 2-PY was the major me- 
tabolite of the stored form of nicotinic acid (7.e. of the pyridine 
nucleotides), rather than 4-PY, which had preponderated in the 


* Presented before the 44th annual meeting of the Federation of 
American Societies for Experimental Biology, Chicago, Illinois, 
April, 1960. Supported in part by a grant-in-aid from the United 
States Atomic Energy Commission under Contract No. AT(11-1)- 
67, Animal Science Project 2. 

1The abbreviations used are: 4-PY, N-methyl-4-pyridone-5- 
carboxamide; 2-PY, N-methyl-2-pyridone-5-carboxamide. 


experiment with rats. 
species. 

Price et al. (5) in 1955 stated that N-methyl-2-pyridone-5- 
carboxylic acid was excreted in normal human urine at the rate 
of 3 to 6 mg daily, and in 1956 (6) they reported that its glycine 
conjugate was also excreted in human urine at the rate of 8 to 
12 mg daily. However, they did not find an increased excretion 
of either compound after the administration of 202 mg of nico- 
tinic acid. 

In order to determine whether the monkey excretes these com- 
pounds, a portion of the second-day urine collection was divided 
into three equal aliquots, each containing 365,000 c.p.m. To 
the first portion were added 13 mg of nonlabeled N-methyl-2- 
pyridone-5-carboxylic acid; to the second were added 10 mg of 
nonlabeled N-methy]-2-pyridone-5-carboxamidoacetic acid;? and 
to the third portion nothing was added. The addition of known 
compounds to the urine samples enabled these compounds to be 
located on chromatograms by scanning with ultraviolet light: 
The three aliquots were applied as bands on separate sheets of 
Whatman No. 3MM filter paper together with their respective 
reference compounds, and the chromatograms were developed in 
80% aqueous propanol. In the case of the third (control) aliquot, 
no band corresponding to either added compound was detecta- 
ble under ultraviolet light. The identified bands from the first 
two aliquots were cut and eluted with water. The elution was 
considered complete when the absorption at 258 my was essen- 
tially zero. After the eluates were evaporated to a minimal 
volume under reduced pressure (all subsequent evaporations 
were also carried out in this manner), the volume was measured, 
100 lof this aliquot were plated on a planchet, and the radioactiv- 
ity was determined with a Q gas counter. The total radioactiv- 
ity in the N-methy]l-2-pyridone-5-carboxylic acid band was only 
14 c.p.m. and the total in the glycine conjugate band was only 
76 c.p.m. These traces of radioactivity are insignificant per- 
centages of the 765,000 c.p.m. put on the paper (and found in 
the bands earlier identified), and it can therefore be concluded 
that N-methyl-2-pyridone-5-carboxylic acid and its glycine 
conjugate are not metabolites of nicotinic acid in the monkey. 


The difference presumably is due to 


Human Experiments 


Four men and four women in this laboratory served as the 
subjects. Each was on a self-selected diet. The four men were 


2 The authors want to express their appreciation to Dr. J. M. 
Price for providing synthetic N -methyl-2-pyridone-5-carboxamido- 
acetic acid. 

’ Ultra-Violet Mineralight, model SL 2537, Ultra-Violet Prod- 
ucts, Inc., San Gabriel, California. 
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each given 100 mg of nicotinic acid orally, and the women were 
not given test doses. A 24-hour sample of urine collected from 
each subject before and after the test dose was preserved by the 
addition of 3 ml of glacial acetic acid, and stored at 4°. C%4- 
PY (48.8 ug) containing 14,080 c.p.m. and C™-2-PY (145.7 ug) 
containing 13,493 c.p.m. were added to each 24-hour sample. 
Since Nuchar C had been found to adsorb all the nicotinic acid 
derivatives, it was used to extract them from the urine samples. 
The acidulated urine samples were filtered, and 40 g of Nuchar 
C were added to each filtrate. The suspensions were stirred 
and filtered. The filtrates (which contained no radioactivity) 
were discarded. The charcoal residue of each sample was 
washed with 100 ml of distilled water, and the washings were 
discarded. The nicotinic acid metabolites were then eluted 
from the charcoal by 10% pyridine, each eluate was passed 
through a [RA-400 (OH-) column, and the column was washed 
with water. The combined effluent and aqueous washings from 
the column were evaporated to dryness to remove pyridine. 
The residue was extracted with methanol and the 4-PY and 
9-PY were separated from N-methylnicotinamide and nicotina- 
mide by paper chromatography. Because the bands of 4-PY 
and 2-PY are so close together, these compounds had to be 
further purified. For this purpose the bands were cut out and 
eluted with water. The separation of 4-PY and 2-PY was 
achieved by passing each of these water eluates through a 
Dowex 50 (H+) column. The column was washed with water, 
and the effluent and washing were evaporated to dryness. The 
residue was used to determine the specific activity of the re- 
covered 2-PY. Each column was then washed with 0.1 n HCl 
until the eluates showed no absorption at 258 mu. The column 
was then eluted with 1 N HCl until the eluates showed no ab- 
sorption at 240 mu. The eluate was evaporated to dryness and 
the residue used for the determination of the specific activity of 
the 4-PY. The radioactivity of 2-PY and 4-PY was determined 
with the Q gas counter. Aliquots were taken from each sample 
and diluted to suitable volume for the determination of ultra- 
violet absorption. The ratios of observed radioactivity to 
optical density, determined at 258 my for 2-PY and at 256 mu 
for 4-PY, were calculated as “specific activity.” The specific 
activities of the carriers 4-PY and 2-PY previously had been 
similarly calculated. The amount of 4-PY or 2-PY in the 
urines was then calculated by isotope dilution as follows (7): 


aA = (a+ 5b)C 

A = specific activity of added carrier compound 

a@ = mg of added compound 

C = specific activity of isolated compound 

b = mg of nonradioactive compound to which a was addded 


A 
Then,b=a(2—1 
no=e(4-1) 


In the first determination of the 4-PY, variable data were 
obtained. The variability was found to be due to the effect of 
acidity on the ultraviolet absorption curve (Fig. 1). The HCl 
remaining in the residue after the acid eluate was evaporated to 
dryness caused a decrease in the maximal absorption and also a 
shift in the absorption peak toward the shorter wave lengths. 
When the concentration of HCl was below 0.02 Nn, absorption 
was practically the same as in water. In order to remove HCl, 
the residue left after evaporation of the 1 N HCl eluate was dis- 
solved in water and again evaporated to dryness; this procedure 
was repeated two or three times. The final pH for optical 
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TABLE I 


Distribution of radioactivities of metabolites from urine of monkey 
given C'4-nicotinic acid, determined by Q gas counter 
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Fic. 1. The effect of various concentrations of HCl on the 
absorption spectrum of a 0.55 mg % solution of 4-PY isolated from 
human urine, and the absorption spectrum in water of a solution of 
the same concentration of the isolated compound compared to the 
absorption spectrum of the synthetic compound. The synthetic 
compound was supplied to us by Prof. T. Wieland of the University 
of Frankfurt. The absorption curve for the synthetic .compound 
was made at a concentration of 0.7 mg/100 ml of water. 


reading was determined with pHydrion paper, and only when 
an absorption curve showed the peak to be at 256 mu and the 
ratio between absorption at 256 and 285 my to be 2.38 (+0.02) 
was the optical density reading taken. 

4-PY was found to be excreted in human urine. The four 
female subjects excreted 4.66 to 6.82 mg and the four male sub- 
jects, 10.2 to 23.96 mg in the 24-hour periods studied. There 
was only a slight increase in the excretion of 4-PY by three of 
the four male subjects after the oral administration of 100 mg of 
nicotinic acid, whereas, without exception, the excretion of 2-PY 
was increased. The individual data are presented in Table II. 
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TABLE II 


Excretion of N-methyl-4-pyridone-5-carboxamide and N-methyl-2- 
pyridone-5-carboxamide in 24-hour urine collection of four 
normal male and four normal female subjects 





After test dose of 100 mg 

















| 4-PY of nicotinic acid 
elas Body aoe -PY 
Subjects weight ina Per ke 2-PY = - 
tz ody | 5 2-PY 
as weight | Total yon 
weight | 
_ 7 ~ | ie on -_ me | mg mg 
Male | | | | 
W.R.C....| 158 | 23.96 | 0.33 | 58.44 | 19.33 | 0.26 | 75.91 
Q. C.......} 160 | 10.2 | 0.18 | 14.69 | 11.34 | 0.15 | 64.25 
G.K.......| 165 | 10.38 | 0.13 | 22.12 | 11.40 | 0.15 | 108.64 
R. V.D....| 210 | 10.70 | 0.11 | 45.12 | 15.60 | 0.15 | 105.82 
Female | 
M.Y.......| 113 | 4.66 | 0.09 | 17.97 | 
J. J........| 140 | 5.02 | 0.09 | 26.20 | 
. 2...... | 120 | 6.82 | 0.15 | 23.60 | 
| 120 | 6.14 | | 12 | 
| | 


The female subjects excreted less 4-PY than the male subjects; 
however, the difference appears to be merely a function of body 
weight. In the male group, the first subject (W. R. C.) ex- 
creted a considerably higher amount of 4-PY, a finding ascriba- 
ble to a more rapid turnover of pyridine nucleotides in this 
subject. 

The substantial increase in excretion of 2-PY, but not of 
4-PY, after the 100-mg test dose of nicotinic acid in the four 
male subjects suggests that 2-PY is an excretion product of” 
nicotinic acid metabolism per se, whereas 4-PY is the metabolic 
product of pyridine nucleotides in man, as in the rat (1). 

The isotopic dilution method made it possible to study 
nicotinic acid metabolism in human subjects without exposing 
them to the radiation hazards of an administered isotope. The 
amount of the metabolites 2-PY and 4-PY excreted in the urine 
was quantitatively determined from the dilution in radioactivity 
following addition of the same compound labeled with radio- 
carbon. During isolation, quantitative recovery is not required, 
since it is necessary to determine only the specific activity accu- 
rately. 

From Fig. 1 it can be seen that the absorption spectrum of the 
4-PY isolated from human urine is identical with that of the 


N-Methyl-4-pyridone-5-carboxamide in Urine 
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synthetically prepared compound, a further confirmation of the 
constituticn of the metabolite (1). 

All the data indicate that neither N-methyl-4-pyridone-5- 
carboxylic acid nor its glycine conjugate occurs as a metabolite 
of nicotinic acid excreted by the monkey, but that the principal 
metabolites are N-methyl-2-pyridone-5-carboxamide in the 
monkey and both the 2-pyridone and the 4-pyridone in the 
human. 


SUMMARY 


N-Methyl-4-pyridone-5-carboxamide (4-PY) was found in 
both human and monkey urine. Four normal women excreted 
4.66 to 6.82 mg and four men excreted 10.2 to 23.96 mg of this 
compound per day. Oral administration of 100 mg of nicotinic 
acid caused only a slight increase in 4-PY excretion, but a 
marked increase in excretion of the isomeric 2-pyridone deriya- 
tive (2-PY). 

In a monkey treated by injection with C™-nicotinic acid, 
2-PY, rather than 4-PY, was the major metabolite excreted in 
the urine, although 4-PY was also found. In addition, whereas 
N-methylnicotinamide, nicotinuric acid, nicotinic acid, and 
nicotinamide were found in the first four daily urinary collec- 
tions, by the sixth day only N-methylnicotinamide, 4-PY, 2-PY, 
and nicotinamide were found. 

N-Methyl-2-pyridone-5-carboxylic acid and its glycine con- 
jugate were not found in the urine of the monkey treated by 
injection with C™-nicotinic acid. 


Acknowledgment—We would like to acknowledge the help of 
Drs. E. F. Reber and J. P. Kreier, who provided and cared for 
the monkey used in these experiments. 
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Thiamine pyrophosphate is required as a coenzyme for several 
enzymatic reactions which result in the decarboxylation of 
a-keto acids with the concomitant formation of corresponding 
aldehydes or their condensation products (a-keto alcohols). A 
number of investigators (1-3) have found that thiamine will 
catalyze the same reactions under mildly alkaline conditions in 
the absence of enzymes. This work has stimulated various 
workers to formulate mechanisms which might account for the 
action of thiamine in these systems. Theories have been pro- 
posed which suggest that the active portion of the thiamine 
molecule is the amino group on the pyrimidine ring (4), the sulf- 
hydryl group resulting from the opening of the thiazole ring 
(5), and the methylene bridge carbon which connects the pyrimi- 
dine and thiazole portions of the compound (6). However, all 
of these theories have been discarded because none was sup- 
ported by experimental evidence. In 1957, Breslow (7) dis- 
covered that deuterium ion rapidly exchanged with the hydro- 
gen atom on position 2 of the thiazolium ring and, as a result 
of this finding, formulated (8) a mechanism for the action of 
thiamine in model systems which depends on the formation of a 
carbanion (due to the ionization of the hydrogen) at position 2 
of the thiazole ring. This carbanion would then react with 
carbonyl carbonium ions to form hydroxyalkyl derivatives of 
thiamine, which upon decarboxylation would yield aldehyde 
adducts of thiamine. These adducts might be rendered stable 
by resonance and be capable of ketol condensation reactions. 
In support of his formulation, Breslow prepared 2-(1-hydroxy- 
benzyl)-3 ,4-dimethylthiazolium iodide and showed that it could 
be decomposed readily into benzaldehyde and 3,4-dimethyl- 
thiazolium iodide. 

The hydroxyalkyl compound which would be formed in the 
manner described above by the decarboxylation of pyruvate 
would be 3-[(2-methyl-4-amino-5-pyrimidy]l)methy]]-2-(1-hy- 
droxyethyl)-4-methyl-5-(2-hydroxyethy]) thiazole (shown in Fig. 
1). In 1958, Krampitz et al. (9) reported that this compound 
had been synthesized and was about 80% as active as thiamine 
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in microbiological assays (7.e. it could be used effectively in 
place of thiamine as a growth factor) and, after enzymatic phos- 
phorylation to give the pyrophosphate, could substitute in place 
of thiamine pyrophosphate as a coenzyme for yeast carboxylase. 
In a preliminary communication (10), we reported on the occur- 
rence of this compound in bacteria and its enzymatic synthesis 
by wheat germ carboxylase. Holzer and Beaucamp (11) and 
other workers (12) have also briefly reported on its enzymatic 
formation with purified pyruvate decarboxylase from yeast. 
The work to be presented in the present publication is an ex- 
tension of that presented earlier (10) on the natural occurrence 
and enzymatic formation of hydroxyethyl thiamine pyrophos- 
phate!. Also evidence will be presented which indicates that 
hydroxyethyl thiamine pyrophosphate is either identical with 
or very closely related to “active acetaldehyde,” 7.e. the inter- 
mediate, formed by enzymatic decarboxylation of pyruvate, 
which serves as an acetaldehyde donor in enzymatic reactions. 


EXPERIMENTAL PROCEDURE 


Materials—Thiamine and thiamine-P were purchased from 
Nutritional Biochemicals Company, thiamine-PP from Merck 
and Company, Inc., acetoin, acetaldehyde, and DEAE-cellulose 
from Eastman Organic Chemicals, Dowex 50 from the Dow 
Chemical Company, and Taka-Diastase from Parke, Davis and 
Company. 4-Methyl-5-(2-hydroxyethyl)thiazole was kindly 
supplied by Merck and Company, Inc., and pi-hydroxyethyl 
thiamine was a gift from Dr. J. M. Sprague of Merck Sharp 
and Dohme Research Laboratories. Thiamine disulfide was 
prepared by the method of Zima et al. (13). Before use, acetoin 
was converted to the crystalline dimer by the method of Kling 
(14) and then washed with cold ether. Acetaldehyde was re- 
distilled, and solutions were prepared in cold deionized water. 

Inasmuch as pyruvic acid is known to undergo readily an 
acid- or base-catalyzed aldol condensation to yield 4-methyl-4- 
hydroxy-2-ketoglutarate (15), pyruvate preparations used in the 
experiments to be described were examined for contamination 
with this dicarboxylic acid by the methods of Goldfine (15). 
Freshly prepared solutions of sodium pyruvate (Mann Research 
Laboratories, Lot 2001) and Research Quality sodium pyruvate- 


1The abbreviations used are: hydroxyethyl thiamine, 3-[(2- 
methyl-4-amino-5-pyrimidyl)methy]]-2-(1-hydroxyethy]l)-4-meth - 
yl-5-(2-hydroxyethyl) thiazole; thiazole, 4-methyl-5-(2-hydroxy- 
ethyl) thiazole. , 
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Fig. 1. Hydroxyethyl thiamine 


2-C™ (purchased from Nuclear-Chicago Corporation) were found 
to contain only traces of the dicarboxylic acid. The portion of 
pyruvate present in solutions as the dicarboxylic acid increased 
with increasing age of the solution; therefore, precautions were 
taken to use only freshly prepared solutions in experiments. 

DEAE-cellulose was prepared for chromatography as de- 
scribed by Camiener and Brown (16). Dowex 50W-X4 ion 
exchange resin (50 to 100 mesh) was treated with n HCl, then 
with n NaOH at 60-80° and reconverted to the hydrogen form 
by washing with 5 Nn HCl. The resin was finally washed with 
deionized water and stored under water until used for chroma- 
tography. 

Chemical Procedures—Acetoin was determined by the method 
of Westerfeld (17) and a-keto acids by the method of Friede- 
mann and Haugen (18). Nickel dimethylglyoxime was prepared 
from acetoin by the procedure of Langenbeck e¢ al. (19) and was 
purified by recrystallization from pyridine. 

Radioactive Counting Procedure—Samples were transferred to 
aluminum planchets and were counted (either at infinite thin- 
ness or, where necessary, samples were corrected for self-absorp- 
tion) by means of a Nuclear-Chicago Corporation thin window 
gas flow counter. C'-Nickel dimethylglyoxime (prepared from 
the action of carboxylase on C'-pyruvate to give C-acetoin, 
which in turn was converted to the C-dimethylglyoxime by 
the method of Langenbeck (19)) was used for the preparation of 
a curve (20) to correct counting data for self-absorption. In 
this way, results to be presented were corrected to the specific 
activity at 1 mg. During crystallization of the nickel dimethyl- 
glyoxime, care was taken to cool the solutions uniformly, because 
the size of the crystals was found to affect the observed radio- 
activity. 

Paper Chromatography—Paper chromatograms were devel- 
oped by the ascending technique. Whatman No. 1 paper was 
used for analytical chromatograms, and Whatman No. 3MM 
paper was used for preparative chromatograms. Zones of mi- 
gration of thiamine compounds were located by bioautography 
(details given in a following section). For preparative chro- 
matograms, bands of material were applied at the origin by 
spotting and respotting 2 ul amounts of the sample at 0.5-cm 
intervals. During development, the thiamine compounds then 
moved as bands which were located by bioautographic methods. 
For this purpose, parallel strips 2 mm wide were cut lengthwise 
from the developed chromatogram at 7.5-cm intervals and used 
to prepare bioautograms. 

Preparation of Carboxylase—Carboxylase used in the experi- 
ments to be described was purified from wheat germ to the 
alcohol powder stage (21) and stored at 4° in a desiccator over 
KOH. Enzymatic activity was estimated by measuring acetoin 
production from pyruvate and acetaldehyde in the presence of 
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added thiamine-PP (22). Two of the purified enzyme prepara. 
tions contained substantial amounts of phosphatase activity 
which, in some of the experiments, interfered with quantitative 
measurements by degrading thiamine-PP and related pyrophos- 
phate compounds to mixtures consisting of the monophosphates 
and phosphate-free thiamine compounds. These difficulties 
were overcome by inhibiting the action of the phosphatase(s) 
by adding relatively large amounts of P; and PP; to the incuba. 
tion mixtures. 

Microbiological Assays—Thiamine was determined by micro. 
biological assay with Lactobacillus viridescens (ATCC No. 12706) 
by the methods previously described (23). In this assay, phos. 
phorylated forms of thiamine are somewhat less active than 
thiamine (23) and synthetic hydroxyethyl thiamine is 79% ag 
active as thiamine (9) (also confirmed in this laboratory). For 
quantitative determinations phosphates of thiamine and hy- 
droxyethyl thiamine phosphates were first dephosphorylated by 
treatment with Taka-Diastase and then assayed for either 
thiamine (thiamine used to construct the standard curve) or 
hydroxyethyl thiamine (synthetic hydroxyethyl thiamine used 
for the standard curve). For dephosphorylation, the samples 
were incubated with Taka-Diastase (2 mg per ml) in 0.1 u 
acetate buffer (sodium salt), pH 4.5, at 47° for 2.5 to 3.0 hours, 

Thiamine compounds were detected on bioautograms seeded 
with L. viridescens by previously described methods (23). When 
the amount of an active thiamine compound spotted on a chro- 
matogram exceeded about 8 myg, the corresponding growth 
zone on the bioautogram contained an inner growth zone which 
appeared relatively clear when compared with the densely 
opaque outer zone. Because the margin between the inner and 
outer zones was sharply defined, accurate estimations of the 
areas of the inner zones became possible. A relation which 
was observed between the inner area of the growth zone and 
the amount of thiamine compound originally spotted permitted 
accurate estimations of a thiamine compound present in a 
growth zone by comparing the area of inner zone with the areas 
derived from standard amounts of thiamine compound spotted 
on the chromatogram. 

For bioautograms prepared with the use of Kloeckera brevis 
(ATCC No. 9774), the growth medium of Hoff-Jgrgensen and 
Hansen (24) was used. Cells for inocula for the bioautographic 
plates were taken from a fresh malt extract-agar subculture, 
washed once in sterile water, resuspended in sterile water (ab- 
sorbancy of 0.2), and before pouring the bioautographic plates, 
1 ml of the suspension was used to inoculate 150 ml of medium 
containing 2% agar. Incubation of the plates was for 24 hours 
at 30°. Bioautograms seeded with Escherichia coli mutant 
strain 26-43 (obtained from Dr. Bernard D. Davis) were pre- 
pared as described by Camiener and Brown (16). This mutant 
will utilize either thiamine or thiazole for growth. 


RESULTS 


Thiamine Compounds Present in Microorganisms—A 250 ml 
culture of Z. coli B was grown for 20 hours with shaking at 30° 
on the following medium? (in amounts per liter): KzHPO,, 14 g; 
KH.PO,, 6 g; (NH4)2SO,, 2 g; NaCl, 2 g; MgSO,-7H,0, 0.2 g; 
FeNH,(SO,)2-6H,0, 20 mg; and p-mannitol, 10 g. A 27 ml 
aliquot of the culture was made 1 n with respect to HCl and 

2 The composition of the medium was originally suggested by 


Dr. E. Lansford (personal communication) with the exception that 
mannitol was substituted for glucose. 
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heated at 100° (water bath) for 30 minutes. After cooling, the 
hydrolysate was adjusted to pH 4.5 (with 2.5 m sodium acetate), 
treated with Taka-Diastase, desalted with the phenol procedure 
of Iacono and Johnson (25), and chromatographed on paper. 
Other aliquots of the culture to which either thiamine, oxythia- 
mine, or thiamine disulfide (3 ug of each were added per 27 ml) 
had been added were treated in the same way and also chro- 
matographed. The results shown in Fig. 2 (bioautogram pre- 
pared from the chromatogram) indicate that the Taka-Diastase- 
treated acid extract contained a compound (Ry 0.72) which was 
active as thiamine for L. viridescens and was neither identicai 
with nor derived from (by the extraction procedure) any of the 
known compounds which were also chromatographed. Other 
experiments have revealed that this unknown compound is also 
present in Taka-Diastase-treated acid extracts of several other 
microorganisms. Rough estimations from sizes of growth zones 
on bioautograms (made with L. viridescens) suggest that in LZ. 
coli, Salmonella typhimurium, bakers’ yeast, and Azotobacter 
vinelandii, the unknown compound accounts, respectively, for 
about 60, 50, 25, and less than 5% of the total thiamine present 
in the cells. 

Properties of Unidentified Compound—In contrast to its sta- 
bility in acid, the unknown compound was rapidly destroyed in 
n NaOH at 100° and gradually destroyed when heated at 100° 
at pH 8.0. The destruction at pH 8.0 (a preparation purified 
free of thiamine by repeated chromatography on paper was 
used) was accompanied by the formation of small amounts of a 
compound with the chromatographic characteristics of thia- 
mine. These results when considered together with the fact 
that the unknown compound replaces thiamine as a growth 
factor for L. viridescens suggested that the unknown compound 
is structurally closely related to thiamine and very probably is 
a more complex chemical form of the vitamin. 

Although the results of Fig. 2 show that the unknown com- 
pound is not thiamine disulfide, the possibility remained that it 
was a mixed disulfide formed from the thiol form of thiamine 
and another thiol. This possibility was discounted after it was 
found that heating preparations containing the unknown com- 
pound with large amounts of either L-cysteine or 2-mercapto- 
ethanol in solutions buffered at pH 5.9 did not cause any varia- 
tion of the chromatographic behavior of the compound. At 
this pH, a disulfide would have become reduced and the result- 
ing thiol form of thiamine would immediately have undergone 
ring closure to the thiazolium form to yield thiamine; e.g. thia- 
mine disulfide, when treated in this way, was converted quanti- 
tatively to thiamine. 

The activity of the unknown compound in replacing thiamine 
as a growth factor for microorganisms was tested by bioautog- 
raphy. In this way, it was shown that L. fermenti and K. brevis 
could utilize the unknown compound, but that F. coli mutant 
26-43 could not. One explanation for the inactivity of the 
compound for the latter organism is that the unknown com- 
pound differs from thiamine in that it contains a modified thiazole 
moiety. To check this possibility, a thiamine-free prepara- 
tion of the unknown compound was treated with sulfite as de- 
scribed by Williams et al. (26) and tested for the appearance of 
thiazole. Under these conditions, thiamine controls were 
cleaved to give a product that migrated on paper chromatograms 
identically with synthetic thiazole (located on chromatograms 
by bioautography with E. coli 26-43); however, the unknown 
compound yielded nothing that was active as thiazole for E. coli 


G. L. Carlson and G. M. Brown 
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Fic. 2. A bioautogram showing the presence in extracts of E. 
coli of an unidentified compound active as a growth factor for L. 
viridescens in place of thiamine. The samples to be spotted were 
prepared according to directions given in the text and 0.015 ml of 
each sample was spotted on the chromatogram. The chromato- 
gram was developed with n-butanol-ethylene glycol-0.1 n HCl 
(4:1:1, volume per volume per volume). Zones of migration were 
located by bioautography with L. viridescens as the test organism. 


26-43. Inasmuch as the treatment with sulfite destroyed the 
activity of the unknown compound as a growth factor for L. 
viridescens, it seemed likely that the compound was degraded 
by this treatment in a way similar to the manner in which thia- 
mine is degraded; therefore, the tentative conclusion was drawn 
that the original compound differed from thiamine by contain- 
ing a modified thiazole moiety. 

Paper Chromatographic Identification of Unknown Compound 
as Hydroxyethyl Thiamine—From the properties of the unknown 
compound, it seemed possible that it might be identical with 
hydroxyethyl thiamine, the compound proposed by Breslow 
(8) as an intermediate in the decarboxylation of pyruvate. 
When synthetic hydroxyethyl thiamine (9) became available, 
it was compared by paper chromatography with the unknown 
compound. The results summarized in Table I show that sam- 
ples of the unknown compound prepared from £. colt migrated 
identically with hydroxyethyl thiamine in five different solvent 
systems. Also, co-spotting both the unknown compound and 
synthetic hydroxyethyl! thiamine with 0.1 N HCl resulted in simi- 
lar changes in the migration characteristics of the two materials 
in Solvent I so that the two again migrated identically, but with 
a lower Ry value (0.26) than that observed in the absence of 
acid. The observation that thiamine compounds migrate 
differently in the presence of acid was originally reported by 
Malnic, da Silva, and de Angelis (27) with thiamine. 

The chromatographic evidence cited above, plus the addi- 
tional finding that synthetic hydroxyethyl thiamine, like the 
naturally occurring compound, is active for L. fermenti and K. 
brevis but will not replace thiamine as a growth factor for E. 
coli 26-43, indicated that the naturally occurring compound is 
identical with hydroxyethyl thiamine. 
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TABLE I 
Chromatographic identification of hydroxyethyl thiamine 
as compound present in E. coli extracts 

Acid extracts of EZ. coli were prepared and treated with Taka- 
Diastase according to the directions given in the text. An 
amount of each material equivalent to about 50 mug of thiamine 
(measured by assay with L. viridescens) was spotted on Whatman 
No.1 paper. After the chromatograms were developed, zones of 
migration were located by bioautography with L. viridescens as 
the test organism. Solvents used were the following (ratios are 
given in terms of volumes): Solvent I, n-butanol-ethylene glycol- 
0.1 n HCl (4:1:1); Solvent II, isopropanol-6 n HCl (170:80); 
Solvent III, n-butanol-acetic acid-water (4:1:5, upper phase); 
Solvent IV, n-butanol-ethanol-water (4:1:1); Solvent V, pyridine- 
water (4:1). 


Preparation chromatographed 





| 
Solvent system 
| 
| 





| 
Thiamine | a a | Extract of E. coli 
Rr Rr Rr 
I 0.60 0.74 0.60, 0.74 
Il 0.41 0.52 0.40, 0.52 
IIl 0.27 0.35 0.30, 0.38 
IV 0.34 0.48 0.34, 0.47 
Vv 0.76 0.75, 0.94 





Thiamine Compounds Formed Enzymatically by Carboxylase— 
As the results presented above suggested that hydroxyethyl 
thiamine or phosphorylated forms of this compound occur in 
microorganisms, efforts were made to see whether or not hy- 
droxyethyl thiamine-PP might be formed enzymatically. For 
this purpose, reaction mixtures containing purified wheat germ 
carboxylase, thiamine-PP, and either pyruvate or acetaldehyde 
were prepared (see Table II for details of preparation and incu- 
bation). After incubation, the thiamine compounds present 
in the reaction mixture were dephosphorylated and chromato- 
graphed on paper. The results presented in Table II show that 
a compound was formed enzymatically which, after dephos- 
phorylation, was chromatographically indistinguishable from 
synthetic hydroxyethyl thiamine. The formation of this com- 
pound was dependent on the presence of substrate (either pyru- 
vate or acetaldehyde), enzyme, and thiamine-PP. It was also 
found that neither thiamine nor thiamine-P could replace thia- 
mine-PP and that acetoin could not be used in place of pyru- 
vate or acetaldehyde. These facts indicated that hydroxyethyl 
thiamine-PP was formed in the system and that this compound 
might be the product formed by the enzymatic decarboxylation 
of pyruvate. 

It was estimated by comparison of the sizes of the growth 
zones on bioautograms with those given by standard amounts 
of synthetic hydroxyethyl thiamine that 10 to 15% of the 
added thiamine-PP was converted to the hydroxyethyl com- 
pound and, in rate studies, that under the conditions described 
in Table II, maximal yields from pyruvate resulted after 2 to 3 
hours. 

Additional evidence which indicated that the enzymatically 
formed compound (after dephosphorylation) was, in fact, hy- 
droxyethyl thiamine was provided with the observation that 1 
mole of pyruvate-2-C™ was utilized for the formation of 1 mole 
of new radioactive thiamine compound. For this purpose, a 
reaction mixture (1.04 ml in volume) was prepared to contain 
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the following components (amounts given in wmoles): MgSO, 
2; potassium succinate buffer (pH 6.0), 84; thiamine-PP, 1.2. 
potassium pyruvate-2-C™ (29.6 x 10° c.p.m.), 86; and 53 mg 
of purified carboxylase. After incubation at 25° for 80 minutes, 
3 ml of 0.1 N HCl were added, the mixture was heated for 2.5 
minutes at 100°, and the resulting protein precipitate was re- 
moved by centrifugation. The precipitate was washed with 
water, and the washings were combined with the original super- 
natant liquid. The combined solution (12 ml) was adjusted to 
pH 2.5 with NaOH and, in order to separate the thiamine com. 
pounds from pyruvate, acetaldehyde, and acetoin (acetaldehyde 
and acetoin were formed as products of the action of carboxyl- 
ase), the solution was passed through a 0.4- x 26-cm column 
of Dowex 50W-H* ion exchange resin at a rate of 80ul per min- 
ute. After the column was washed with 60 ml of water (until 
the radioactivity was reduced to 450 c.p.m. per ml), the thia- 
mine compounds were eluted with 0.2 m (with respect to NH,*) 
ammonium acetate buffer, pH 6.0. Fractions of 2 to 3 ml were 
collected and stored at 4°. The radioactivity in the effluent 
liquid first reached a minimum of 185 ¢.p.m. per ml and then 
rose to a maximum of 2.9 xX 10‘ ¢.p.m. per ml after approx- 
mately 15 ml had been collected. Fractions containing large 
amounts of radioactivity were combined to give a total of 9.2 x 
10* c.p.m. in 4.5 ml, and this radioactive solution was adjusted 
to pH 4.5 and treated with Taka-Diastase to dephosphorylate 
the thiamine compounds. After heating briefly at 100° followed 
by centrifugation to remove protein, the solution was placed 
on a Whatman No. 3MM paper sheet as a band 1 cm wide and 
20 cm long and chromatographed with Solvent II (see Table I 
for composition). Bioautograms prepared from strips 0.2 em 


TABLE II 

Formation of hydroxyethyl thiamine by wheat germ carborylase 

The complete reaction mixture contained 150 umoles of potas- 
sium succinate (pH 6.3), 5 umoles of MgSO,, 40 umoles of sodium 
pyruvate (or acetaldehyde in one case), 6 mumoles of thiamine- 
PP, and 2 mg of purified wheat germ carboxylase (alcohol powder) 
in a final volume of 1.3 ml. After the reaction mixtures were 
incubated for 2 hours at 25°, 0.2 ml of Nn HCl was added to each 
vessel and the tubes were heated at 84° for 5 minutes. Dephos- 
phorylation was then effected by incubating the reaction mixture 
(adjusted to pH 4.5 with sodium acetate) with Taka-Diastase. 
Aliquots (about 5 ul) were spotted on Whatman No. 1 paper and 
the chromatogram was developed with Solvent I (see Table I). 
Zones of migration of thiamine compounds were located by bio- 
autography with L. viridescens as the test organism. 














Thiamine compounds 
Material chromatographed present after treatment 
with Taka-Diastase 
Rr 
Reaction mixture 
IN SF ia hae. aigtnn. Neb ee es 0.55, 0.72 
PUM IMUNED, 8 o.oo 5 bce sen adeseaois 0.56 
Peas CIMGMIINOAE © xs os «eds ennne vaese ss 0.542 
Acetaldehyde in place of pyruvate........| 0.56, 0.73 
Complete (boiled enzyme)................ | 0.55 
Control compounds | 
NI oho 5 ee RS ck Bde Rea RRO REO 0.56 
Synthetic hydroxyethyl thiamine.......... 0.73 
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wide cut lengthwise from the chromatograms showed the pres- 
ence of thiamine compounds which migrated with Ry values 
of 0.40 and 0.55 (Table III, Step 1). The upper zone (R, 0.55), 
which corresponded in Ry value to hydroxyethyl thiamine (see 
Table I), was eluted from the remainder of the paper sheet with 
40 ml of water and the solution was reduced in volume (in a 
vacuum) to 0.4 ml. This material, which was acidic from the 
HCl present in Solvent II, was then rechromatographed in 
Solvent I (Table III, Step 2), and these steps were repeated with 
different solvents as described in Table III until a thiamine 
compound behaving chromatographically as a single component 
(with an Ry value of hydroxyethyl thiamine) was obtained. 
Each of the last four of these seven successive chromatographic 
steps described in Table III yielded a single radioactive compo- 
nent which in each case was identical in Rp value with hydroxy- 
ethyl thiamine. The specific radioactivity of the thiamine com- 
pound was calculated to be about 380 c.p.m. per mumole, a 
value which compares favorably with the theoretical value of 
340 c.p.m. per mumole which would have resulted from the reac- 
tion of 1 mole of pyruvate with 1 mole of thiamine-PP to yield 
1 mole of hydroxyethyl] thiamine-PP. 

a-Ketobutyrate has been reported to serve as substrate for 
wheat germ carboxylase to yield propionaldehyde or the corre- 
sponding acyloin formed by condensation of 2 moles of pro- 
pionaldehyde (21). When a-ketobutyrate was tested as a sub- 
strate for the formation of a new thiamine compound, it was 
found that Taka-Diastase-treated reaction mixtures contained 
acompound active as a growth factor for L. virtdescens but which 
was chromatographically distinct from thiamine and hydroxy- 
ethyl thiamine when tested in Solvents I to V of Table I. The 
new derivative migrated more rapidly than hydroxyethy! thia- 
mine in these solvents. If it is assumed that carboxylase used 
a-ketobutyrate as substrate in the same way that pyruvate is 
utilized, then theoretical considerations strongly suggest that 
the compound formed from a-ketobutyrate is hydroxypropyl 
thiamine (after dephosphorylation). 


Purification of Pyrophosphates of Thiamine Compounds 


From E. coli—The method which was developed for the 
purification of pyrophosphate esters of thiamine compounds 
from E. coli is as follows. E. colt cells from 64 liters of the 
medium of Davis (28) (grown with aeration at 37°) were dis- 
persed in 2 liters of 0.1 N HCl. This acidic suspension was 
heated in 50 ml amounts for 10 minutes at 100° and then cen- 
trifuged at 4° to remove insoluble material. The acid extract 
was carefully adjusted to pH 2.5 with n NaOH and then placed 
on a 2.2- x 40-cm column of Dowex 50W-H+. After the col- 
umn was washed with 300 ml of water, the mono- and pyrophos- 
phate esters of thiamine compounds were eluted as a group 
from the resin with a buffer of 0.1 n NH,OH adjusted to pH 
6.0 with glacial acetic acid. The rate of flow through the col- 
umn was maintained at 2 ml per minute, and operations were 
carried out at 4° to minimize hydrolysis of pyrophosphates. 
Thiamine compounds (detected by assay with L. viridescens) 
were eluted after about 1200 ml of buffer had passed through 
the column. The yield of total thiamine activity recovered 
from such columns varied from 60 to 90%. 

The fractions (which contained thiamine activity) from two 
Dowex columns were combined, diluted so that the ionic strength 
was less than 0.1, and adjusted to pH 6.75 with n NaOH. After 
the resulting solution (1300 ml) had been allowed to percolate 
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TaBLeE III 
Enzymatic incorporation of pyruvate-2-C'4 into 
hydroxyethyl thiamine 
The reaction mixture was prepared according to directions 


given in the text. Also, the details of the purification procedure 
are described in the text. 
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Solvents used in Rr values Be x 
successive paper chroma- cos f 
een Determined by, | Determined by ethyl 

bioautography radioactivity | thiamine® 

a | : 

| c.p.m./ 

| mumole 
Solvent II | 0.40, 0.55 | 
Solvent I | 0.35 
Solvent I | 0.30.7 0.46,4 0.60,4 | 0.46, 0.74, | 350¢ 

| 0.74, 0.874 0.87 

Solvent II | 0.55 0.55 372 
Solvent IV 0.15 0.15 438 
Solvent I | 0.55, 0.79 0.79 506/ 
Solvent II | 0.50 0.50 370 








* Composition of solvent systems are given in Table I. 

> Bioautography was with L. viridescens as the test organism. 

¢ The amount of hydroxyethyl thiamine present after each step 
was determined by assay with L. viridescens against a standard of 
synthetic hydroxyethyl thiamine. 

¢ Multiple growth zones were probably caused by an excess 
amount of acid in the preparation chromatographed. The zone 
of Ry 0.74 was cut from the paper and used in further purification 
steps. 

¢ Determined with compound of Rr 0.74. 

‘ Decomposition to thiamine noted in this step (see Rr values) 
may account for this high value. 


(2 ml per minute) into a 4.5- x 30-em DEAE-cellulose column 
at 4°, the column was first washed with 400 ml of water and 
then with 200 ml of 0.001 m formic acid (pH 3.65). Monophos- 
phate esters of thiamine compounds passed through the column 
with these washes, but pyrophosphate esters remained adsorbed 
and were then eluted as a group with 0.01 Nn HCl. Fractions 
which contained thiamine pyrophosphate compounds were com- 
bined and reduced in volume in a vacuum to 10 to 12 ml. The 
recovery of thiamine compounds from the DEAE-cellulose 
column was about 65%. An aliquot of this preparation was 
treated with Taka-Diastase, chromatographed: (Solvent I, see 
Table I), and a bioautogram was prepared which showed that 
the purified preparation (after dephosphorylation) was a mix- 
ture (about 50% of each) of thiamine and hydroxyethyl thia- 
mine. No further attempts were made to separate the thia- 
mine-PP from the hydroxyethyl thiamine-PP (derived from E. 
coli) on a preparative scale although it seems likely that the 
ionophoretic method described in a following section could be 
utilized effectively for this purpose. 

From Carboxylase Reaction Mixtures—A reaction mixture was 
prepared to contain per 0.94 ml (in umoles): sodium succinate, 
100; sodium pyruvate, 86.5; sodium phosphate, 22; sodium pyro- 
phosphate, 10; MgSO,, 2.4; thiamine-PP, 1; and 56 mg of puri- 
fied wheat germ carboxylase. The P; and PP; salts were added 
to inhibit the action of phosphatase activity present as a con- 
taminant in the carboxylase preparation. After incubation for 
100 minutes at 25°, 2.8 ml of 0.1 N HCl were added, and the 
reaction mixture was heated for 1.5 minutes at 100°. The pH 
was then adjusted to 2.4, insoluble material was removed by 
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Fig. 3. A bioautogram prepared from an ionogram, showing the 
ionophoretic behavior of thiamine compounds present in reaction 
mixtures in which pyruvate and thiamine-PP were incubated with 
carboxylase. See the text for a description of the material used 
and for details of ionophoresis. 


centrifugation, and the supernatant solution was passed through 
a 0.4- X 18-cm column of Dowex 50W-H*; operations were 
carried out at 5° to avoid excessive decomposition of pyrophos- 
phates of thiamine. The column was washed with 70 ml of 
water and the phosphorylated (mono- and pyrophosphates) 
forms of thiamine were eluted as a group by passing through 
the column a buffer consisting of 1% pyridine adjusted to pH 
6.05 with glacial acetic acid. Phosphorylated thiamine com- 
pounds appeared as a sharp peak’after about 18 ml of the efflu- 
ent had been collected. 

The mixture of thiamine compounds obtained from the 
Dowex column was subjected to paper ionophoresis in order to 
separate hydroxyethyl thiamine-PP from thiamine-PP and, at 
the same time, to separate the monophosphate esters from the 
pyrophosphates. The material from the Dowex column was 
transferred by repeated applications to a 2- x 11.5-em band of 
paper which had been cut transversely from a strip (12.7 cm 
wide and 117 cm long) of Whatman No. 3MM paper. Between 
applications, the paper band was partially dried by a jet.of air. 
The remainder of the original paper strip from which the band 
had been cut was soaked in buffer (10% pyridine adjusted to 
pH 6.4 with glacial acetic acid) and blotted to remove excess 
liquid. After all of the sample had been applied to the band, 
it was placed (while still moist) in its original position from 
which it had been cut and connecting bridges consisting of 
paper strips 0.5 cm wide moistened with the pyridine-acetate 
buffer were positioned to connect the band with the rest of the 
long paper strip. The preparation of the paper described above 
was carried out on a 30- x 40-cm polyethylene sheet (#3 inch 
thick) placed on a special chrominum-plated brass table 
equipped with a cooling coil on its under surface. A second 
polyethylene sheet was then used to cover the paper strip so 
that the paper was contained between two such sheets which 
served as insulating agents during ionophoresis. The top sheet 
was finally covered with a sponge rubber mat on which was 
placed a heavy glass plate. The ends of the 117-cm strip which 
protruded from either end of the two polyethylene sheets were 
doubled over on themselves and placed in dishes of the pyri- 
dine-acetate buffer described above. Two kilovolts were ap- 
plied to electrodes placed in the buffer, and the current was 
regulated not to exceed 40 ma by intermittently adjusting the 
voltage during the 3? hour ionophoretic run. During iono- 
phoresis, tap water at 5-20° was passed through the coil under 
the table as a cooling agent. After ionophoresis, zones of migra- 
tion of thiamine compounds were determined by cutting a 
0.2-cm strip lengthwise from the paper and using this narrow 
strip to prepare a bioautogram with L. viridescens. In this 
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way, it was found that the paper contained three bands of | | 


thiamine compounds (see Fig. 3), one which moved only 


short distance from the origin toward the anode (Zone 1) and | 
which behaved in this way as thiamine-P, and two others which | 


moved faster (Zones 2 and 3) and were incompletely separated 
from one another. It was considered likely that the faster 
moving compounds were thiamine-PP and hydroxyethyl thia. 
mine-PP. The bands corresponding to zones of migration of 
each of these components were cut individually from the re. 
mainder of the ionogram and eluted from the paper with water, 


An aliquot of each was then treated with Taka-Diastase and | 


chromatographed on paper (Solvent I, see Table I). Bioauto. 


grams prepared from these chromatograms showed that Zone 8 


(shown in Fig. 3), which migrated at the fastest rate, yielded 
thiamine after dephosphorylation and that Zone 2 yielded largely 
hydroxyethyl thiamine, but still contained small amounts of 
thiamine. 

In order to separate the hydroxyethyl thiamine-PP from the 
last traces of thiamine-PP, the material obtained from the iono- 
phoretic step (Zone 2) was subjected to a second ionophoresis, 
For this purpose, the solution was first concentrated under re- 
duced pressure to a volume of 0.2 ml and then placed as a nar- 
row transverse band on a 12.7- X 117-cm Whatman No. 3MM 
paper strip. The pH 6.4 pyridine-acetate buffer described 
above was applied to the paper (by pipette) on both sides of 
the band and was allowed to absorb into the sample area evenly 
from both sides. Excess liquid was blotted from the other 
areas of the paper and ionophoresis was carried out as described 
above except that the voltage was applied for only 3 hours. 
The convenient method of sample application described in the 
second ionophoretic step resulted in good resolution of compo- 
nents which had already been through one ionophoretic purifi- 
cation step; however, this method of sample application could 
not be used successfully when applying material taken directly 
from the Dowex column, but instead, the more elaborate proce- 
dure described in the first ionophoretic step had to be followed 
to insure optimal results. It seems likely that the material 
from the Dowex column contained high enough concentrations 
of salts to interfere with ionophoresis if the salts are concen- 
trated too heavily in one place. The procedure described in the 
first ionophoretic step would tend to result in less localization 
of salt in a narrow band than would the procedure used in the 
second step. 

When zones of migration of thiamine compounds on the 
second ionogram were determined by bioautography as described 
for the first ionogram, it was found that a small amount of 
material migrating as thiamine-PP was present, but that the 
material consisted largely of a slower moving compound thought 
to be hydroxyethyl thiamine-PP. The material on the remain- 
ing portion of the ionogram was eluted with water from the 
zone of migration of the hydroxyethyl thiamine-PP and stored 
at —20° until use. The amount of material obtained in this 
way was about 30 mumoles of thiamine compound. 

Chemical Nature of Purified Materials—An aliquot of the 
material purified from carboxylase reaction mixtures was treated 
with Taka-Diastase and after chromatography on paper (Sol- 
vent I, Table I), a bioautogram was prepared with L. virides- 
cens. The results showed that the dephosphorylated material 


consisted entirely of hydroxyethyl thiamine. 
A second aliquot of the purified material was chromatographed 
with the use 


on paper (without prior dephosphorylation) 
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as solvent of isobutyric acid-concentrated NH,OH-water 
(165:2.5:82.5, volume per volume), which is a solvent that 
separates thiamine-P from thiamine-PP. The resulting bio- 
autogram prepared from the chromatogram revealed that the 
purified material migrated as did thiamine-PP (presumably, 
this solvent does not distinguish between thiamine-PP and 
hydroxyethyl thiamine-PP). However, heating the purified 
material with n HCl at 100° for 15 minutes, but not with 0.1 
n HCl, resulted in the conversion of the material to a product 
which migrated to the same zone as thiamine-P in the solvent 
mentioned above. Under these same conditions, authentic 
thiamine-PP was also stable to 0.1 N HCl but yielded thiamine-P 
when heated with nN HCl. When all of these results were con- 
sidered together, it was concluded that the purified material 
obtained from the second ionophoretic step consisted of hydroxy- 
ethyl thiamine-PP and that this material was free from other 
thiamine compounds. 

Analytical determinations similar to those described above 
were also performed on the material purified from Z. coli as de- 
scribed in an earlier section. This material, which had not been 
through any ionophoretic purification steps, was shown by 
jonophoresis to consist of two major components, which corre- 
sponded in migration characteristics to thiamine-PP and hy- 
droxyethyl thiamine-PP, and a minor component (active as 
thiamine for L. viridescens) which moved faster than thiamine- 
PP on ionophoresis. The chemical nature of this minor compo- 
nent was not determined. 

The compound formed by carboxylase from thiamine-PP and 
a-ketobutyrate, which is considered to be hydroxypropy! thia- 
mine-PP, was purified by the same methods which were used 
for purification of enzymatically formed hydroxyethyl thia- 
mine-PP. The hydroxypropyl compound also migrated on 
ionophoresis somewhat more slowly than did thiamine-PP. The 
purified material was analyzed by the methods described for 
the analysis of hydroxyethyl thiamine-PP and found to be free 
from thiamine-PP. Enough of the monophosphate ester (made 
by heating the pyrophosphate ester in N HCl) of this material 
was prepared so that ultraviolet absorption spectra could be 
obtained. These spectra are compared with those of thiamine 
and synthetic hydroxyethyl thiamine in Fig. 4. The shifts in 
absorption of the hydroxypropyl thiamine-P that accompany 
changes in pH (Fig. 4) are typical of a compound containing 
the pyrimidine and thiazole ring structures found in thiamine. 


Behavior of Hydroxyalkyl Thiamine Pyrophosphates 
in Enzyme Systems 


The abilities of purified hydroxyalkyl thiamine-PP compounds 
to act coenzymatically in place of thiamine-PP to activate 
apocarboxylase were determined. A comparison of the effec- 
tiveness of hydroxypropyl thiamine-PP and thiamine-PP as 
coenzymes for acetoin production by carboxylase is given in 
Fig. 5. From these data it can be calculated that hydroxy- 
propyl thiamine-PP was about 80% as effective as thiamine-PP. 
Neither thiamine nor thiamine-P showed any activity in this 
system. Experiments similar to the one described in Fig. 5 
have also been performed with hydroxyethyl thiamine-PP, and 
this compound was also observed to be active as a coenzyme 
in place of thiamine-PP. 

If hydroxyalkyl thiamine-PP compounds serve as intermedi- 
ates in enzymatic decarboxylations of a-keto acids, then it 
might be possible to show that in the absence of other substrates 
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the hydroxyalkyl thiamine-PP is converted by apocarboxylase 
to thiamine-PP as one product. In an experiment designed to 
check this possibility, reactions were prepared (see Fig. 6) which 
contained only buffer, purified hydroxyalkyl thiamine-PP com- 
pounds, and carboxylase. After incubation, the reaction mix- 
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Fic. 4. A comparison of the ultraviolet absorption spectra o 
hydroxypropyl thiamine-P, synthetic hydroxyethyl thiamine, and 
thiamine. The hydroxypropyl thiamine-P (purified as described 
in the text) was prepared free from the last traces of extraneous 
ultraviolet-absorbing material by ether extractions. For this 
purpose, 0.5 ml of an aqueous solution of the material (containing 
54 mumoles of hydroxypropyl thiamine) was extracted with 5 ml 
of ether; then 0.1 ml of 0.2 m sodium acetate buffer (pH 6.02) was 
added to the aqueous phase, and the ether extraction was repeated. 
Thiamine and hydroxyethyl thiamine were also prepared in the 
same acetate buffer (75 and 64 mumoles per ml, respectively) and 
spectra were taken (in a Cary spectrophotometer) at pH 6.0 (A); 
then each sample was acidified with 0.1 volume of 2 N HCl and the 
spectra in acid were determined (B). ——, hydroxypropyl thi- 
amine-P; ---, hydroxyethyl] thiamine; and @@@, thiamine. 
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Fic. 5. A comparison of the abilities of thiamine-PP and hy- 
droxypropyl thiamine-PP to act as coenzymes for the activation 
of apocarboxylase. Reaction mixtures contained per 0.075 ml (in 
umoles): sodium succinate (pH 5.98) 7.5; sodium phosphate (pH 
5.98), 0.75; MgSO,, 0.313; sodium pyruvate, 6.25; acetaldehyde, 
3.34; either thiamine-PP or hydroxypropyl thiamine-PP as shown 
in the figure; and 0.066 mg of wheat germ carboxylase (alcohol 
powder). Reaction mixtures were kept at 0° during preparation 
and then incubated at 29° for 1 hour. After the reactions were 
stopped with the addition to each vessel of 0.01 ml of 2 n HCl, the 
amount of acetoin produced was determined. The velocity of 
acetoin formation is described as micromoles of acetoin formed 
per hour per mg of purified wheat germ carboxylase at 29°. 
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Fig. 6. A bioautogram, showing the conversion of hydroxyal- 
kyl thiamine-PP to thiamine-PP by carboxylase. Reaction mix- 
tures contained per 30 ul (in wmoles): sodium succinate (pH 6.0), 
3.0; sodium phosphate (pH 6.0), 0.3; MgSOx,, 0.125; either hydroxy- 
ethyl thiamine-PP (0.41 mumole) or hydroxypropy! thiamine-PP 
(0.52 mumole); and 237 ug of purified carboxylase (alcohol pow- 
der). Incubation was for 2} hours at 30°. After incubation, 
30 ul of 2 N HCl were added to each vessel and each was then heated 
at 100° for 15 minutes to hydrolyze pyrophosphate esters to the 
corresponding monophosphate esters. Aliquots (6 ul each) were 
spotted on Whatman No. 1 paper and the chromatogram was de- 
veloped with Solvent II (see Table I for composition). Zones of 
migration were located by bioautography with L. viridescens. 
The growth zones are drawn to indicate the relative sizes of the 
less opaque inner zones and the more opaque outer zones (shaded 
area), as the size of an inner growth zone is an indication of the 
amount of the growth factor present. The control hydroxyalkyl 
thiamine-P compounds which were chromatographed were pre- 
pared by heating the pyrophosphate esters in HCl as described 
above. 


tures were heated at 100° for 15 minutes in N HCl to convert all 
of the thiamine-PP compounds to the corresponding monophos- 
phates. These monophosphates were then chromatographed on 
paper in Solvent II (which distinguishes between the monophos- 
phates of thiamine, hydroxyethyl thiamine, and hydroxypropyl 
thiamine) to show which monophosphates were present. The 
data summarized in Fig. 6 indicate that hydroxypropyl thia- 
mine-PP and hydroxyethyl thiamine-PP were converted to a 
compound which after heating with n HCl migrated as thia- 
mine-P. The interpretation of these results was complicated 
by the presence of substantial amounts of thiamine-PP in the 
partially resolved carboxylase preparation; however, the amount 
of compound in the thiamine-P zone (estimated from the sizes 
of the inner zone of growth on bioautograms) increased greatly 
when carboxylase was incubated with the hydroxyalkyl thia- 
mine-PP compounds (Fig. 6). 

Enzymatic Utilization of Hydroxyethyl Group for Formation of 
Acetoin—The foregoing results have suggested that hydroxy- 
ethyl thiamine-PP is an intermediate in the enzymatic reaction 
by which pyruvate is decarboxylated and converted to acetoin. 
Support for this suggestion was sought with the use of a radio- 
active compound. C'*-Hydroxyethyl thiamine-PP was formed 
by incubation of 86.5 umoles of sodium pyruvate-2-C"™ (specific 
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activity, 355 c.p.m. per mumole) with 1 wmole of thiamine-Pp 
in the presence of 56 mg of the purified wheat germ carboxylase, 
as described in a previous section. The resulting radioactive 
hydroxyethyl thiamine-PP was purified by the methods de- 
scribed earlier to yield finally 30 mymoles of hydroxyethy] 
thiamine-PP with a specific activity of 462 c.p.m. per mumole, 
The preparation was found to be free from thiamine-PP and 
radioactive pyruvate. This was determined by mixing an ali- 
quot along with carrier pyruvate with 2 ,4-dinitrophenylhydra- 
zine and isolating and determining the radioactivity of the re- 
sulting 2 ,4-dinitrophenylhydrazone. 

The C-hydroxyethyl thiamine-PP was used in enzymatic 
experiments designed to show whether or not the radioactive 
hydroxyethyl group was used in the formation of acetoin. Re- 
action mixtures were prepared in duplicate as described in 
Table IV. The general plan of this experiment was to incubate 
C'-hydroxyethyl thiamine-PP with carboxylase and nonradio- 
active acetaldehyde and pyruvate as substrates for acetoin 
formation. To one set of reaction mixtures thiamine-PP was 
also added at 0 time (Table IV, reaction mixtures 3 and 4); toa 
second set thiamine-PP was added after a 90-minute incubation 
period (Table IV, reaction mixtures 5 and 6). All reaction 
mixtures were incubated for a total of 240 minutes and the 
conditions were chosen so that in those vessels which contained 
active enzyme the major portion of the pyruvate and acetalde- 
hyde were converted to acetoin. In those vessels to which 
thiamine-PP was added (at approximately 286 times the molar 
excess of the amount of hydroxyethyl thiamine-PP which was 


TABLE IV 


Enzymatic incorporation of radioactivity from C'*-hydroxyethyl 
thiamine-PP into acetoin 

Reaction mixtures contained (in yumoles, unless otherwise 
noted): sodium succinate (pH 5.5), 144; sodium phosphate (pH 
5.5), 14.4; MgSOx,, 6.0; sodium pyruvate, 75; acetaldehyde, 17.8; 
C14-hydroxyethyl thiamine-PP, 3.57 mumoles (462 ¢.p.m. per 
mymole); thiamine-PP, 1.02 (added at times indicated); and 20 
mg of purified carboxylase. Boiled enzyme preparations were 
heated 5 minutes in buffer before addition of other components. 
Volumes of reaction mixtures were 1.22 ml at 0 time and 1.32 ml 
after either water or thiamine-PP was added after the prelimi- 
nary 90 minutes of incubation. Incubation was at 30° for a 
total of 240 minutes. After incubation, 1 ml of n HCl was added 
to each vessel, 0.02 ml aliquots were withdrawn for acetoin de- 
terminations, 30.4 mg of carrier acetoin were added to the re- 
maining contents of each reaction mixture, and the nickel 
dimethylglyoxime derivative was made (as described in ‘Ex- 
perimental Procedure’’), recrystallized to constant specific ra- 
dioactivity, and counted for radioactivity. 





! 








le . . | 1c 
Reaction | Time of err) | Acetoin | Specific activ- added which 
misure [MSR | aime, | Home | 9 aso nce 
| 
min c.p.m./meg umoles | c.p.m./umole % 
1° 240 =| 0 0 
Qe 20 | O 0 
3 0 | 5.18 30.2 | 9.28 16.9 
4 0 5.13 | 31.8 | 8.75 16.7 
5 90 18.5 27.1 | 36.6 | 89.7 
6 90 17.6 27.2 34.6 | 57.8 





* Corrected for self-absorption. 
> Contained boiled enzyme; all others contained active enzyme. 
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added) at 0 time, any radioactive acetoin which was produced 
could have resulted from (a) C'-hydroxyethyl thiamine-PP 
which would be competing with thiamine-PP for the active 
region of the enzyme, or (b) radioactive contaminants of un- 
determined nature which might have been present in the prepa- 
ration of hydroxyethyl thiamine-PP. Thus the C**-acetoin 
produced in these reaction mixtures functioned to set a maximal 
limit to the amount of C*-acetoin which could have been formed 
from radioactive contaminants. In reaction mixtures 5 and 6 
(Table IV), the thiamine-PP was withheld for the first 90 min- 
utes of incubation to give the C'-hydroxyethyl thiamine-PP a 
chance to react in the system to form C"-acetoin; then thia- 
mine-PP was added in excess in order to promote maximal con- 
version of the pyruvate and acetaldehyde substrates to acetoin 
during the remaining 150 minutes of incubation. After incu- 
bation and after an aliquot had been removed from each reac- 
tion mixture to determine the amount of acetoin which had 
been produced, carrier acetoin was added to each reaction mix- 
ture and the acetoin was oxidized to diacetyl which in turn 
was converted to the nickel dimethylglyoxime derivative. ‘Table 
IV gives data on the radioactivity of the dimethylglyoxime com- 
pound formed in the different reaction mixtures. Clearly, more 
radioactivity was incorporated into acetoin in the reaction mix- 
tures (Table IV, 5 and 6) from which thiamine-PP was withheld 
for the first 90 minutes than was incorporated in the reaction 
mixtures (Table IV, 3 and 4) which contained thiamine-PP 
throughout the total incubation period. Reaction mixtures 
prepared with boiled enzyme resulted in no incorporation, a 
result which indicates that the incorporation observed in other 
reaction mixtures resulted from an enzymatic reaction and also 
that the radioactive hydroxyethyl thiamine-PP used in the 
experiment was free from radioactive acetoin. The data pre- 
sented in Table IV therefore conclusively show that the hy- 
droxyethyl group of hydroxyethyl thiamine-PP was used for 
the enzymatic synthesis of acetoin. 


DISCUSSION 


The results of the present communication show that hydroxy- 
ethyl thiamine-PP is a naturally occurring material and provide 
strong evidence in support of the hypothesis that this compound 
is identical with “active acetaldehyde.”” This evidence is (a) 
that hydroxyethyl thiamine-PP can be formed enzymatically 
from pyruvate and (6) that it can be utilized as an acetaldehyde 
donor for the enzymatic formation of acetoin. Other workers 
have obtained evidence which also supports this view. Holzer 
and Beaucamp (11) and others (12) have reported that hydroxy- 
ethyl thiamine-PP is formed from pyruvate by the action of 
yeast carboxylase, and Krampitz et al. (9) have reported that 
hydroxyethyl thiamine-PP prepared from synthetic hydroxy- 
ethyl thiamine can be used in place of thiamine-PP as a coen- 
zyme for yeast apocarboxylase. However, some uncertainties 
still exist as to whether hydroxyethyl thiamine-PP is identical 
with the true intermediate which is formed at the active region 
of the enzyme. For example, it is possible that sulfhydryl 
groups are intimately concerned with the action of carboxylases 
(29-31) and, as yet, no mechanism has been formulated which 
might account for the participation of a sulfhydryl group during 
the action of the enzyme. Also the relatively long incubation 
time and high concentration of enzyme needed for production 
of hydroxyethyl thiamine-PP from pyruvate by wheat germ 
carboxylase raise some doubt about the mechanism of the forma- 
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tion of the compound. On the basis of the present work the 
possibility cannot be discounted that free acetaldehyde is 
formed first and that hydroxyethyl thiamine-PP is then formed 
enzymatically from acetaldehyde and thiamine-PP. This possi- 
bility appears less likely with yeast carboxylase since Holzer 
and Beaucamp (11) have reported that demonstrable amounts 
of hydroxyethyl thiamine can be formed with relatively small 
amounts of enzyme with very short incubation periods. 

If Breslow’s mechanism is to be considered a general mecha- 
nism to account for the action of thiamine-PP as a coenzyme 
in a variety of enzymatic reactions, it might be possible to show 
the formation of hydroxyalkyl thiamine-PP compounds other 
than hydroxyethyl thiamine-PP. Evidence has been presented 
in the present paper for the formation of the hydroxypropyl 
compound, and Holzer and Beaucamp (11) have evidence for 
the existence of lactyl thiamine-PP, which presumably should 
be the compound formed from pyruvate and which would then 
be decarboxylated to the hydroxyethyl compound. Datta and 
Racker (32) have reported on the formation of a bound form of 
glycolaldehyde in the transketolase reaction (which requires 
thiamine-PP as a coenzyme) and, although no direct evidence 
has yet been reported concerning its chemical nature, it seems 
reasonable to consider that this “active glycoladehyde” might 
also be a hydroxyalkyl thiamine-PP compound. Another sub- 
stance which might be suspected of being a hydroxyalky] thia- 
mine-PP compound is ‘active succinaldehyde” formed during 
the oxidation of a-ketoglutarate (33). Another interesting 
possibility is that acetyl thiamine-PP might be an intermediate 
involved in the various “clastic” cleavages of pyruvate to yield 
acetyl-P (see Gunsalus, Horecker, and Wood (34) for a review 
of these reactions) and also in the conversion of xylulose-P to 
acetyl-P and glyceraldehyde-P (35, 36) and fructose-P to eryth- 
rose-P and acetyl-P (35). In this connection, Breslow and Mc- 
Nelis (37) have presented evidence in a model system that 
acetyl thiamine can be formed; however, as yet no experimental 
evidence exists for the enzymatic formation of such a compound. 


SUMMARY 


1. Hydroxyethyl thiamine pyrophosphate has been identified 
by paper chromatographic and bioautographic methods as a 
compound that occurs naturally in microorganisms and also as 
a product formed from thiamine pyrophosphate and either pyru- 
vate or acetaldehyde in the presence of relatively large amounts 
of purified wheat germ carboxylase. A compound chromato- 
graphically different from hydroxyethyl thiamine-PP was 
formed when a-ketobutyrate was substituted for pyruvate. 
Theoretical considerations suggest that this compound is hy- 
droxypropy! thiamine pyrophosphate. 

2. Procedures were devised for the purification of hydroxy- 
ethyl thiamine pyrophosphate from microorganisms or from 
carboxylase reaction mixtures. The purification steps include 
chromatography on Dowex 50 and on N,N-diethylaminoethy] 
cellulose and paper ionophoresis. 

3. Experimental data which were presented which are perti- 
nent to a consideration of the biochemical importance of hy- 
droxyethy] thiamine pyrophosphate include: (a) the compound 
can be used in place of thiamine pyrophosphate as a coenzyme 
for wheat germ carboxylase; (6) incubation of the compound 
with wheat germ carboxylase in the absence of other substrates 
yields, as one product, thiamine pyrophosphate; and (c) C-la- 
beled 1-hydroxyethyl group of hydroxyethyl thiamine pyrophos- 
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phate (prepared enzymatically from pyruvate-2-C™) was shown 

to be utilized enzymatically by wheat germ carboxylase to form 

radioactive acetoin. These results are discussed with reference 
to whether or not hydroxyethyl thiamine pyrophosphate is 
identical with “active acetaldehyde.” 

Addendum—After this paper was submitted for publication, 

a paper appeared by Holzer and Beaucamp (38) in which evi- 

dence was presented that hydroxyethyl thiamine-PP serves as 

an acetaldehyde donor for the formation of acetoin by yeast 
carboxylase. 
REFERENCES 
1. Mizunara, S., J. Japan. Biochem. Soc., 22, 102 (1950); Chem. 
Abstracts, 45, 1179 (1951). 
2. Mizunara, S., AND HANDLER, P., J. Am. Chem. Soc., 76, 571 
(1954). 
3. Yatco-Manzo, E., Roppy, F., Yount, R. G., AND METZLER, 
D.E., J. Biol. Chem., 234, 733 (1959). 

. Wiesner, K., AnD VALeNnTA, Z., Experientia, 12, 190 (1956). 

. Matsukawa, T., AND Kawasaki, H., Vitaminology, 1, 260 
(1955); Chem. Abstracts, 50, 2702 (1956). 

. Brestow, R., Chem. & Ind. (London), R 28 (1956). 

. Brestow, R., J. Am. Chem. Soc., 79, 1762 (1957). 

. Brestow, R., J. Am. Chem. Soc., 80, 3719 (1958). 

. Krampitz, L. O., GReuuL, G., MiLuter, C. 8., Bicxine, J. B., 
Sxeces, H. R., anp Sprague, J. M., J. Am. Chem. Soc., 
80, 5893 (1958). 

10. Cartson, G. L., AnD Brown, G. M., J. Biol. Chem., 235, PC3 

(1960). 
11. Houzer, H., anp Beaucamp, K., Angew. Chem., 71, 776 (1959). 
12. Hotzer, H., Gorpper, H. W., Géacrt, K. H., anp ULRicu, 
B., Biochem. Biophys. Research Commun., 3, 599 (1960). 
13. Zima, O., AND W1Lu1aMs, R. R., Ber. deut. chem. Ges., 73, 941 
(1940). 

14. Kuna, A., Ann. chim. et phys., 5, 471 (1905). 

15. GoLpFINE, H., Biochim. et Biophys. Acta, 40, 557 (1960). 

16. CaMIENER, G. W., AND Brown, G. M., J. Biol. Chem., 235, 

2411 (1960). 


of. 


oie Bs Bor) 


Hydroxyethyl Thiamine 


26. 


28. 
29. 


30. 


31. 
32. 


34. 


36. 
37. 


38. 


. CAMIENER, G. W. 


Vol. 236, No. 7 


. WESTERFELD, W. W., J. Biol. Chem., 161, 495 (1945). 
. FRIEDEMANN, T. E., anp Haucen, G. E., J. Biol. Chem., 147, 


415 (1943). 


. LANGENBECK, W., WREDE, H., AND SCHLOCKERMANN, W., Z, 


Physiol. Chem., 227, 263 (1934). 


. HENDLER, R. W., Science, 180, 772 (1959). 
. Stncer, T. P., anp Pensky, J., J. Biol. Chem., 196, 375 (1952), 
. Stincer, T. P., anp Pensxy, J., Biochim. et Biophys. Acta, 9, 


316 (1952). 
AND Brown, G. M., J. Biol. Chem., 236, 


? 


2404 (1960). 


. Horr-J@RGENSEN, E., AnD HaNnsEN, B., Acta Chem. Scand., 9, 


562 (1955). 


5. Iacono, J. M., ano Jounson, B. C., J. Am. Chem. Soc., 79, 


6321 (1957). 
WituraMs, R. R., WATERMAN, R. E., Keresztesy, J. C., ann 
BucuMan, E. R., J. Am. Chem. Soc., 57, 536 (1935). 


. Manic, G., pa Sriva, A. S., AND DE ANGELIS, R. C., Intern, 


Z. Vitaminforsch., 30, 136 (1959). 

Davis, B. D., Proc. Natl. Acad. Sci., U. S., 35, 1 (1949). 

Barron, E. 8S. G., AND SinacsER, T. P, J. Biol. Chem., 157, 221 
(1945). 

Stoppani, A.O.M., Actis, A. S., DereRRARI, J. O., AND Gon- 
ZALEZ, E. L., Biochem. J., 64, 378 (1953). 

Kuratomi, K., J. Biochem. (Japan), 46, 453 (1959). 

Datta, A. G., AND Racker, E., Arch. Biochem. Biophys., 82, 
489 (1959). 

Sanapt, D. R., LirrLerie.p, J. W., AND Bock, R. M., J. Biol. 
Chem., 197, 851 (1952). 

Gunsa.us, I. C., Horecker, B. L., ann Woop, W. A., Bac- 
teriol. Rev., 19, 79, (1955). 


. ScoramM, M., AND Racker, E., Nature (London), 179, 1349 


(1957). 

Heatu, E. C., Hurwitz, J., Horecker, B. L., AND GINSBERG 
A., J. Biol. Chem., 231, 1009 (1958). 

Brestow, R., anD McNELIs, E., J. Am. Chem. Soc., 82, 2394 
(1960). 

Houzer, H., anp Beaucamp, K., Biochim. et Biophys. Acta, 46, 
225 (1961). 


’ 








THE . 


Th 
ident 
drox} 
hydre 
dihyc 
and ¢ 
excre 

Th 
magn 
minis 
with 
mono 
of ep 
with | 
The | 
metal 
epine} 
this s 


DL-. 
from 
metho 
synth 
porati 
first f 
(500 , 
from r 
metho 
and 1( 
enzym 
incuba 
mixtur 
solutic 
metan 
volum: 
organi 
was re 
evapor 
volumé 
Whatn 
raphy 
corres 
metane 
produe 


~ 


, 82, 
Biol. 
Bac- 
1349 


ERG, 


a, 46, 














Tur JouRNAL oF Brotogica, CHEMISTRY 
Vol. 236, No. 7, July 1961 
Printed in U.S.A 


The Metabolic Fate of H’-Epinephrine and 
C*-Metanephrine in the Rat 


Irwin J. Koptn, Junius AxELRop, AND Epna GorpDoN 


From the Laboratory of Clinical Science, National Institute of Mental Health, National Institutes of Health, 


Bethesda 14 


, Maryland 


(Received for publication, February 27, 1961) 


The major metabolites of epinephrine have been recently 
identified as the O-methylated derivatives, 3-methoxy-4-hy- 
droxymandelic acid (1), metanephrine (2), and 3-methoxy-4- 
hydroxyphenylglycol (3). The corresponding catechols, 3,4- 
dihydroxymandelic acid (4), 3,4-dihydroxyphenylglycol (5), 
and epinephrine and its conjugates (6) were found to be minor 
excretion products. 

The present study was designed to determine the relative 
magnitudes of the various metabolic pathways (Fig. 1) for ad- 
ministered epinephrine in normal rats and in animals pretreated 
with agents which inhibit catechol-O-methyl transferase and 
monoamine oxidase, 7.e. the enzymes involved in the metabolism 
of epinephrine. Catechol-O-methyl transferase was inhibited 
with pyrogallol (7) and monoamine oxidase with iproniazid (8). 
The recently described technique for the study of alternate 
metabolic pathways with simultaneous administration of 
epinephrine-7-H? and metanephrine-methoxy-C" (9) was used in 
this study. 


EXPERIMENTAL PROCEDURE 


pL-Epinephrine-7-H bitartrate (1.37 me per mg) was obtained 
from New England Nuclear Corporation. pxi-Metanephrine- 
methoxy-C™ was prepared with the use of a two step enzymatic 
synthesis from t-methionine-methyl-C™ (Nuclear-Chicago Cor- 
poration) as follows. S-adenosylmethionine-methyl-C™“ was 
first formed by incubating 35 mg of t-methionine-methyl-C™ 
(500 uc), ATP, MgCle, and the methionine-activating enzyme 
from rabbit liver (10) at 37° for 4hours. To form metanephrine- 
methoxy-C™ (11), a soluble supernatant fraction from rat liver 
and 100 mg of pi-epinephrine hydrochloride were added to the 
enzymatically formed S-adenosylmethionine-methyl-C“ and 
incubation continued for an additional 2 hours. The reaction 
mixture was then brought to pH 9.5 with saturated sodium borate 
solution, with the use of a glass electrode pH meter. The 
metanephrine-methoxy-C™ was extracted by shaking with 5 
volumes of isoamy] alcohol, centrifuging, and transferring the 
organic phase to a round bottom flask. The extraction procedure 
was repeated twice and the combined isoamy] alcohol extracts 
evaporated in a vacuum. The residue was taken up in a small 
volume of ethanol and was distributed along a starting line on 
Whatman No. 3MM filter paper. After ascending chromatog- 
taphy in isopropanol-5% ammonia (8:2), the radioactive area 
corresponding in Ry value (0.75 to 0.88) to authentic 
metanephrine was eluted with water. The eluted material 
produced a single radioactive peak which corresponded in Rr 


values to authentic MN! after chromatography in isopropanol- 
5% ammonia (8:2), butanol-ethanol-water (4:1:1), and butanol- 
acetic acid-water (4:1:1). Metanephrine-7-H' was prepared by 
incubating pi-epinephrine-7-H? with rat liver and S-adenosy]- 
methionine described above. 

A glucuronidase-sulfatase preparation (Glusulase, Endo 
Products, Inc., New York), containing 100,000 units of B- 
glucuronidase and 50,000 units of sulfatase per ml, was used for 
enzymatic hydrolysis of the conjugates. 

Animal Experiments—Sprague-Dawley male rats weighing 
250 to 300 g were used. Each rat was treated by injection of 
3.45 ug of epinephrine-7-H? (8.7 wc) and 160 wg of metanephrine- 
methoxy-C™ (1.01 uc) into the tail vein; urine and feces were 
collected for 48 hours. The animals which had been pretreated 
with a monoamine oxidase inhibitor received 100 mg per kg of 
iproniazid 14 and 2 hours before the administration of the 
radioactive compounds. CMT was inhibited by intravenous 
injection of 50 mg per kg of pyrogallol 3 minutes before and 30, 
60, and 90 minutes after administration of epinephrine-7-H? and 
metanephrine-methoxy-C". 

Estimation of Radioactive Metabolites of Epinephrine in Urine— 
A 48-hour urine collection was diluted to 100 ml with water, and 
aliquots were taken for the estimation of the metabolites as 
follows. 

Free Catechols—A 15-ml portion of the diluted urine was used 
for the determination of the total catechols (epinephrine, DHM,} 
DHPG), MN, and VMA. The urine was passed through 
a column of alumina (Woelm, nonalkaline) to remove the free 
catechols by the procedure of Weil-Malherbe and Bone (12) and 
the combined effluent and washings were used for the estimation 
of the conjugated catechols, MN and VMA. Elution of the 
catechols from the alumina column with 25 ml of 0.2 n HCl 
resulted in almost quantitative recovery of epinephrine (13) and 
DHM:? A 2.0 ml aliquot of the eluate was used to determine the 
radioactivity of the free catechols. A 10 ml aliquot was acidified 
with 2 ml of 6 N HCl and saturated with NaCl, and the non- 
amine catechols were extracted into 5 volumes of ethyl acetate. 
After centrifugation, an aliquot of the organic phase was evapo- 
rated in a current of air in a glass vial and the radioactivity 


1The abbreviations used are: DHM, 3,4-dihydroxymandelic 
acid; DHPG, 3,4-dihydroxyphenylglycol; VMA, 3-methoxy-4- 
hydroxymandelic acid; MN, metanephrine; MHPG, 3-methoxy-4- 
hydroxyphenylglycol; CMT, catechol-O-methyltransferase. 

2H. Weil-Malherbe, personal communication. Elution of any 
other catechols present was presumed to be quantitative. 
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Fic. 1. Pathways for the metabolism of epinephrine 


determined as described below. This fraction contained both 
DHPG and DHM. These compounds could not be separated 
by paper chromatography but after incubation with CMT and 
S-adenosylmethionine (11) the resulting O-methylated deriva- 
tives could be separated and were found to have the same Rr 
values as MHPG and VMA. The enzymatic formation of the 
former compound could be demonstrated only in rats pre- 
treated with pyrogallol (5). About 50% of both DHM and 
DHPG were extracted under the conditions described, and ap- 
propriate corrections for this partition were made. Radio- 
activity due to epinephrine was calculated by subtracting the 
nonamine catechol radioactivity from the total catechol radio- 
activity. 

Conjugated Catechols—Conjugated catechols were determined 
after acid hydrolysis* of an aliquot of the effluent and washings 
from the alumina column (on which the free catechols were 
absorbed). Hydrolysis was carried out by heating the solution, 
which had been adjusted to pH 1 with 6 n HCl, in a boiling water 
bath for 15 minutes. The catechols released were then deter- 
mined by the procedures described above and the radioactivity 
of the total conjugated catechols and the conjugated nonamine 
catechols was estimated. The radioactivity due to conjugated 
catechol amines was determined by difference. 

Free MN—MN was isolated from an aliquot of the alumina 
column effluent solution by adsorption on an ion exchange resin. 
A Dowex 50 CG(X4) column was prepared by suspending the 
resin in 3 N NH,OH overnight, pouring the slurry into a column 
(3 X 1 em), and washing with water until the pH of the effluent 
was approximately 7. After adjustment to pH 6.5 with 1 N 
HCl, the combined effluent and washings from the alumina 
column were passed through the column and the resin washed 
with 20 ml of water. MN was eluted with 15 ml of 3 n NH,OH; 
the eluate was collected in a glass vial and evaporated in a cur- 
rent of warm air. The residue was dissolved in 0.2 ml of water 
and the radioactivity was determined. Recoveries of MN added 
to the urine were 95 + 10%. 

VMA—VMA was extracted from the effluent and washings 
obtained from the Dowex 50 column by adjusting to pH 1 with 
6 N HCl and shaking with 5 volumes of ethyl acetate. An ali- 


3 The extent of hydrolysis is not known, but acid hydrolysis 
gave greater values than after treatment with glusulase at 37° for 
24 hours presumably because of incomplete hydrolysis or destruc- 
tion with the later procedure. 
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quot of the organic phase was evaporated to dryness in a glass 
vial and the radioactivity was determined. About 90% of the 
VMA is extracted into ethyl acetate under these conditons. 

Total MN and MHPG—The conjugated O-methylated deriva- 
tives were hydrolyzed enzymatically. To an aliquot of urine, 
an equal volume of 0.5 m acetate buffer pH 6 and 0.02 volume of 
Glusulase were added, and the mixture was incubated at 37° for 
24 hours. The MN was isolated, after adsorption of the cate- 
chols on alumina, with a Dowex 50 column, as described above. 
MHPG was extracted from the NaCl-saturated effluent and 
washings from the Dowex 50 column into 5 volumes of ethy] 
acetate (approximately 90% of the MHPG is extracted under 
these conditions). A portion of the ethyl acetate was evaporated 
in a glass vial and the radioactivity was determined. Studies 
with authentic MN glucuronide and MHPG sulfate indicate 
100% and 80% hydrolysis of the respective conjugates. 

The O-methylated metabolites isolated by the procedures 
described above showed single radioactive peaks having the 
same Ry values as the authentic compounds in butanol-ethanol- 
water (4:1:1) and isopropanol-5% ammonia (8:2). The speci- 
ficity of alumina adsorption for catechols has been reported (12, 
13) and no material containing C™“ was found in these fractions. 

Estimation of Total Radioactivity of Tissues—Tissues were 
homogenized with 3 volumes of 0.1 N HCl. Total H? and C¥ 
were determined on a 1 ml aliquot of the homogenate after 
lyophilization and solution in 2 ml of Hyamine (Packard In- 
strument Company). The radioactivity was determined as 
described below. 

Estimation of Radioactive MN in Tissues—Metanephrine was 
isolated from the tissue homogenate as previously described (13) 
and the radioactivity was determined as described below. 

Determination of Radioactivity—All samples were counted in a 
Packard Tri-Carb liquid scintillation spectrometer after the 
addition of 4 ml of ethanol and 10-ml quantities of 0.4% 2, 5- 
diphenyloxazole and 0.005% 1,4-di(2-5-phenyloxazole) benzene 
in toluene. The method of Okita et al. (14) was used to deter- 
mine H* and C™ simultaneously. Internal standards of H?® and 
C* were used to correct for quenching and efficiency of counting. 


RESULTS AND DISCUSSION 


Excretion of H*-Epinephrine and Its Metabolites—After an 
intravenous injection of epinephrine-H® and metanephrine- 
methoxy-C", 75.7 % of the H® and 68.7 % of the C™ administered 
were excreted in the urine. The feces contained about 15% of 
the H?, and only negligible amounts of the C4. Rats wenn 
with pyrogallol and iproniazid did not differ significantly in the 
total radioactivity excreted (Table I). 

The cumulative excretion of total H? and C™ radioactivity and 
in the MN isolated from the urine was examined after ad- 
ministration of epinephrine-H* and metanephrine-C™. Most of 
radioactive MN (free and conjugated) was excreted in 12 hours. 
The ratio of H®:C™ in the conjugated MN was relatively constant 
after this time (Fig. 2). The same was true for the other 0- 
methylated metabolites. Because the final ratio was attained 
early in the experiment, the determination of the relative mag- 
nitudes of the pathways (9) from the values obtained for the 
H?:C™ ratio in the metabolites after 48 hours is presumed to be 
valid. 

O-Demethylation of Metanephrine—Although approximately 
90% of the administered H? was excreted, less than 70% of the 
C™ was found. To investigate the possibility and extent of 
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ISS TABLE [| 
he Excretion of radioactivity after simultaneous administration of epinephrine-?-H* and metanephrine-methoxy-C' 
Each rat received 8.7 we of epinephrine-7-H® and 1.01 ue of metanephrine-methoxy-C™ intravenously and urine and feces were col- 
i ' jected for 48 hours. Results are expressed as percentage of administered dose excreted (standard deviation). Details of drug ad- 
a ministration are described in Table V. 
¢ = 
for i Urine Feces | Total 
te- Treatment No. Rats . 
H3 | cu H? cu H3 cu 
ve. PP Sao | 
- Bsn vcd 8 75.0 + 3.2 68.7 + 2.8 15.0+3.1 | 03 | 90.7 | 69.0 
ry! ean. ......<. 3 79.3 + 5.4 66.2 + 4.1 12.0 + 2.2 03 | 971.3 | 66.5 
ee iproniasid......... | 2 69.0 + 5.1 65.0 + 3.2 13.3 4 2.1 03° | 823 | 65.3 
. = oy 
‘ies 
ate pei ai im a ae a ae a a a es ae ee TaBLe II 
Ratios of C\4:H* in urinary metabolites after administration 
= 080k 7 + of metanephrine-7-H*-methoxy-C'4 
the | @ Each rat received 7.0 we of metanephrine-7-H® and 0.9 ue of 
jol- | ; «= 4  metanephrine-methoxy-C™ intravenously; urine was collected 
ci. | for 48 hours. 
12, 0.60 |- a | C4: H3* in urine 
ms, 
ere a 4 Free:meotanephrine............ 0.5 ...5.s. | 0.91 + 0.028 
cu Conjugated metanephrine.............. | 0.80 + 0.031 
iter ) ao 2 _| Nonamines (VMA + MHPG)........... | 0.89 + 0.032 
- ° 
ye |e *The C':H®* ratio of administered metanephrine was con- 
r | sidered to be 1.0. 
was 
13) 0.20 +- = TABLE III 
Ratios of H*:C'* in tissues 2 minutes after administration of 
na 7 epinephrine-7-H* and metanephrine-methoxy-C'4 
noe eS ee ae ae ae ee ee | otal ( nephrine (M) | (H?/C") (T) poe cnend oe’ 
a 8 12 16 20 24 28 “ifs 
ter- HOURS OR | 9.5 8.7 0.97 7.3 
et Fic. 2. The cumulative H3:C™ ratio of conjugated metaneph- Kidney.......... | 10.2 9.0 0.88 2.1 
mng- rine in urine after the intravenous administration of epinephrine- Heart........... | 12.4 4.1 0.33 0.2 
7-H? (8.7 uc) and metanephrine-methoxy-C™ (1.01 uc). Spleen...........| 11.8 3.2 0.27 0.5 
, MBN Fel fata osoto | 10.6 5.2 0.49 0.3 
an 0-demethylation, metanephrine-7-H?-methoxy-C“ was ad- Adrenal gland. . .| 9.6 2.4 0.40 
; ix ? : ; a Penereas:. ...-.... 9.6 2.2 0.24 
‘ine- ministered. ‘The ratio of C'4:H? was determined in the free and eins 96 3.9 0.25 0.3 
ered combined MN and its deaminated products were isolated from gis, |g 5.2 0.46 : 
% of urine (Table II). It was found that the ratio of C¥:H® in the Qyrcass 8.4 4.5 | 0.53 
ated isolated metabolites was less than in the administered MN.  [njected......... 9.5 | 
. the The demethylation of a phenolic methoxy group (5) and the 
presence in rabbit liver of an enzyme capable of demethylating * From Axelrod, J. and Tomchick, R. (11). 
and MN had already been reported (15). It was concluded that 
ad- the decrease in C:H? ratio of the metanephrine and its metabo- and relative permeability) is important to the validity of the 
st of lites is a result of O-demethylation of metanephrine with loss of double labeling technique. This was examined by the simul- 
ours. the C“ and remethylation of the epinephrine-7-H® to form taneous administration of epinephrine-H* and metanephrine-C™ 
stant metanephrine-7-H®. The lower C™:H? ratio in the conjugated to a rat and killing the animal after 2 minutes. Tissues were 
r O- metanephrine suggested that conjugation occurs at the same assayed for the ratio of H*:C™ in the total radioactivity and in 
ined site as O-demethylation, presumably the liver. The similarity the isolated MN (Table III). Within 2 minutes the distribution 
mag- of the C4: H3 ratios of the free metanephrine and the deaminated of the total H* and C™ was found to be similar in most tissues; 
r the products may be taken as evidence that the metabolites were this indicates that both epinephrine and MN enter the tissues 
to be formed from the free metanephrine and had undergone little or rapidly and at about the same rate. The heart and spleen have 
no demethylation themselves. been shown to bind epinephrine to a greater extent than any 
ately Tissue O-Methylation of H*-Epinephrine—The assumption other tissue and this may account for the higher amount of the 
f the that the precursor compound and its metabolite enter tissues in H* catecholamine in these tissues. During the short interval 


nt of the same proportion (governed primarily by tissue blood flow after the injection, the H*:C™ ratio of the MN in the tissue de- 
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TABLE IV UNTREATED 
Metabolic fate of epinephrine-7-H* and thine 9.0 (Free) EPINEPHRINE 
metanephrine-methoxy-C'4 in the rat os 
Each rat received 8.7 ue of epinephrine-7-H® and 1.01 ue of > <4 
metanephrine-methoxy-C™ intravenously; urine was collected sais e 
for 48 hours. Results are expressed as the mean percentage of 
the administered radioactivity of the metabolites found in the 2.6 DHMA 
urine of each of eight animals (+ standard deviation). Urine ————_ + Gg 
7 } | - DHPG Feces 
| H?: C4 
Hi? cu | He: Cor- 
| | | rected* 1.4 14 
Epinephrine | | | | 
Free | 9.0 + 1.0 VMA MHPG (conj.) 
Conjugated 5.1 + 0.6 18 
DHMA and DHPG | |s-2 
Free ...| 1.4 40.2 Urine one 
Conjugated |} 12+ 0.2 
Metanephrine | IPRONIAZID TREATED 
BR ce sorcerer ci Sore 4.8 (40.8) | 8.9 (41.2) | 0.54 | 0.49 ) 
Conjugated......| 28.3 (43.5) | 34.5 (43.8) | 0.82 | 0.67 Urine <2) — EPINEPHRINE 
|v) SA ee | 17.6 (43.2) | 18.0 (+3.1) | 0.98 | 0.87 b 
ER ac oan tesens | 6.2 (41.2) | 6.3 (41.0) | 0.98 | 0.87 itne a 
ee | 73.6 | 67.7 











* Corrected for O-demethylation and remethylation result- 
ing in C"* loss. 


pends on both the amount of epinephrine-H? converted to 
metanephrine-H! in that tissue, and the metanephrine-C™ which 
diffused into the tissue. Inasmuch as the latter can be deter- 
mined from the total C™, the ratio of H?:C™ in the MN to the 
H?:C" in the total radioactivity reflects the extent of O-methyla- 
tion of epinephrine in the tissue. From the results shown 
(Table ITI) there is a good agreement between the degree of O- 
methylation in vivo and the relative concentrations of CMT 
reported in these tissues (11). 

Metabolic Fate of H*-Epinephrine and Metanephrine in Rat— 
Most of the radioactivity of the administered epinephrine-7-H* 
was found to be excreted in the urine as the O-methylated metab- 
olites MN, MHPG, and VMA (Table IV). A significant portion 
of the radioactivity was also excreted in the feces, mostly as MN 
(Table I) probably via the biliary system, with little intestinal 
reabsorption (16). Catechols, both amine and nonamine, in 
free and conjugated forms, were also found in the urine. Be- 
cause deaminated and O-methylated catechols were present in 
the urine, the deaminated and O-methylated products VMA and 
MHPG might arise by deamination followed by O-methylation 
or O-methylation or both followed by deamination. The relative 
magnitudes of the pathways were estimated from the H?:C™ 
ratios in the isolated O-methylated compounds by the technique 
previously described (9); the observed ratios were corrected for 
loss of C'. This correction was made by multiplying the H?:C™ 
ratios found in the metabolite by the C™:H® ratios found after 
administration of metanephrine 7-H*-methoxy-C™ (Table II). 
O-demethylation was not encountered in previous experiments 
conducted in man (9) and this correction was not necessary. 
From the results shown in Table IV, it was calculated (9) that 
approximately 70% of the epinephrine-7-H* administered was 
O-methylated to form metanephrine. MN was then further 
metabolized by deamination to form VMA and MHPG; these 
metabolites represented 4.8% and 14% of the administered 
epinephrine, respectively, and 32.8% was excreted in the urine 
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Fic. 3. Alternate pathways for the metabolism of epinephrine 
and the effect of metabolic inhibitors. The amount of each com- 
pound metabolized is shown on the arrows (in per cent) and has 
been calculated (9) from the results obtained in Tables IV and V. 


unchanged or as the glucosiduronic acid conjugate (Fig. 3). An 
additional 13.5% of the H® administered was present in the feces 
mostly as conjugated MN (16). 

The difference between the total MHPG-H? and VMA-H? and 
the amounts formed by direct O-methylation of epinephrine 
represent the amount of epinephrine-H® which is deaminated 
before O-methylation (Fig. 3). 
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TABLE V 
Effect of enzyme inhibition on metabolism of epinephrine 
Three rats received 50 mg per kg of pyrogallol intravenously, 3 minutes before and 30, 60, and 90 minutes after epinephrine-7-H? 
(8.7 wc) and metanephrine-methoxy-C" (1.01 ue). Two rats received 100 mg per kg of iproniazid intraperitoneally, 14 and 2 hours be- 


fore the administration of radioactive epinephrine and metanephrine. Results are expressed as the mean percentage of the adminis- 
tered radioactivity of the metabolites found in the urine. Values for untreated animals can be found in Table IV. 





| 


























Pyrogallol Iproniazid 
» vol HC | Corvected | He sit HP: Ce | omens 

Epinephrine | 
tg iert 5475 onan 27.4 (42.3) 9.9 (41.2) 
Conjugated........ 5.4 (40.5) 4.4 (+0.6) 

DHMA and DHPG | 
See 0.9 (40.1) | 0.5 (40.1) 
Conjugated........ 5.8 (+0.4) 0.2 (40.03) 

Metanephrine | 
IS Soslactu stn 1.2 (40.1) 9.7 (40.9) | 0.12 0.11 | 7.0 (+1.0) 12.2 (+1.0) 0.55 0.50 
Conjugated........ 5.6 (40.4) 27.8 (42.0) | 0.20 0.16 41.2 (42.6) 42.4 (43.2) 0.97 0.78 

eer 18.6 (41.2) 16.9 (40.9) | 1.10 0.98 5.6 (40.5) 6.2 (40.7) 0.90 0.72 

(SRR pera 8.0 (+0.4) 7.0 (+0.7) 1.14 1.02 1.6 (40.4) 1.8 (40.4) 0.89 0.79 





Effect of Enzyme Inhibitors—Inhibition of an enzyme system 
involved in the metabolism of these compounds would be ex- 
pected to alter the magnitudes of each pathway. When mono- 
amine oxidase was inhibited with iproniazid, O-methylation was 
increased whereas deamination of both epinephrine and MN was 
decreased (Table V, Fig. 3); this is an indication that monoa- 
mine oxidase is involved in the metabolism of both precursor 
and product. From Fig. 3 it can be seen that inhibition of mon- 
oamine oxidase results in a greater aberration of MN metabo- 
lism than of epinephrine metabolism. 

When pyrogallol was used to inhibit CMT, much less epineph- 
rine was metabolized by O-methylation. Larger amounts of 
epinephrine were excreted unchanged or as deaminated products. 
The deaminated O-methylated compounds found in the urine 
after the administration of pyrogallol arose by deamination 
followed by O-methylation (Fig. 3). The O-methylation of these 
compounds probably occurs after the transient effect of the py- 
rogallol has dissipated. 

Although the primary metabolic pathway for epinephrine in 
rat and man (17, 18) is similar with respect to the degree of direct 
O-methylation and deamination, there are differences in the 
manner in which the metabolites are transformed. In man, MN 
is excreted primarily as the ethereal sulfate, whereas in the rat 
the glucosiduronic acid is formed. Deamination of both epi- 
nephrine and MN presumably results in the formation of cor- 
responding aldehydes which are rapidly oxidized or reduced. 
Reduction is the predominant pathway in the rat, whereas in 
man oxidation of the intermediate is favored. 


SUMMARY 


Procedures for the estimation of radioactive epinephrine and 
its metabolic products, metanephrine, 3-methoxy-4-hydroxy- 
mandelic acid, 3-methoxy-4-hydroxyphenylglycol, 3,4-dihy- 
droxymandelic acid, and 3,4-dihydroxyphenylglycol are de- 
scribed. 

After the simultaneous administration of H-epinephrine and 
metanephrine-methoxy-C™, O-methylation was found to be the 
major pathway and deamination the minor pathway for the 





metabolism of epinephrine in the rat. Inhibition in vivo of 
catechol-O-methyl transferase with pyrogallol blocked the O- 
methylation of epinephrine. 

Deamination is a minor route for epinephrine metabolism and 
inhibition of monoamine oxidase does not markedly alter the 
pattern of epinephrine transformation but causes a considerable 
change in the metabolism of metanephrine. 

Metanephrine was found to be O-demethylated to a small 
extent in the rat. 
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The absorption spectra of the 5,6-dimethylbenzimidazolyl- 
cobamide coenzyme (coenzyme By) and its benzimidazole- 
containing analogue (benzimidazolyleobamide coenzyme) are 
different from that of the adenine-containing analogue (aden- 
inyleobamide! coenzyme (1, 2)). The most conspicuous differ- 
ence is in the wave length of the absorbancy maximum in the 
visible region. The spectra of the two benzimidazole-containing 
analogues have an absorbancy maximum at approximately 520 
muy, whereas the corresponding maximum of the purine-contain- 
ing analogue is at 458 my. An explanation for this difference 
was not immediately apparent, particularly because the spectra 
of the corresponding cyanocobamides are very similar in the 
wave length region above 340 my. Clues to the origin of the 
spectral differences were provided by two observations: (a) 
Removal of the nucleotide adenine from the adeninyleobamide 
coenzyme does not cause much change in its spectrum above 
300 my (3); and (6) the 5,6-dimethylbenzimidazolyleobamide 
coenzyme is red-orange in neutral solution and becomes yellow- 
orange in acid solution; the latter color is similar to that of the 
adeninyleobamide coenzyme in both acid and neutral solution. 
These observations indicate that the adenine in the nucleotide 
of the adeninyleobamide coenzyme has little influence on the 
position of the visible absorbancy maximum, whereas the 
dimethylbenzimidazole of the 5,6-dimethylbenzimidazolyl- 
cobamide coenzyme is responsible for the modification of the 
spectrum in neutral solution. They suggest that protonation 
of the benzimidazole moiety may be responsible for the shift in 
the position of the absorbancy maximum and the change in 
color in acid solution. 

We have investigated the relation between the charge and 
color of the adeninyleobamide, benzimidazolyleobamide, and 
5,6-dimethylbenzimidazolyleobamide coenzymes more fully by 
determining their absorption spectra and ionophoretic mobilities 
as a function of pH. The results indicate that striking differ- 
ences exist with respect to the strength of attachment of the 
nucleotide base to the cobalt of the corrinoid structure, not only 


* This investigation was supported in part by research grants 
from the National Institutes of Health (E-563), United States 
Public Health Service, and the National Science Foundation (G- 
7500), and by a research contract with the Atomic Energy Commis- 
sion. 

+ Present address, Division of Soils, Commonwealth Scientific 
and Research Organization, Adelaide, South Australia. 

1 This coenzyme was previously (1) called the adenyleobamide 
coenzyme. The term adenyl was intended to indicate the pres- 
ence of an adenine moiety in the nucleotide, attached to ribose 
through the N-7 atom. This has caused some confusion because 
the term adenyl is frequently thought to refer to adenylic acid. 
Consequently, the term adeninyl now appears to be preferable. 


between the benzimidazole and purine analogues of the cobamide 
coenzymes, but also between the coenzymes and the correspond- 
ing vitamins. In the coenzymes, the differences in binding of 
the benzimidazole and purine bases are sufficient to provide a 
possible structural basis for the specificity of animals and certain 
microorganisms with respect to the cobamide vitamin and co- 
enzyme analogues. 


EXPERIMENTAL PROCEDURE 


The BC? and DBC coenzymes used in this study were crystal- 
line preparations isolated (2) from Clostridium tetanomorphum 
and Propionibacterium shermanii, respectively. The AC 
coenzyme was a highly purified but noncrystalline preparation 
previously described (1, 3). 

Absorption spectra were determined with a Cary model 14 
spectrophotometer, with the use of matched silica cells having a 
working volume of 1 ml and a 1.00-cm light path. The determi- 
nation of the visible and ultraviolet spectrum of a sample from 
about 600 my to 240 my required about 2 minutes. All measure- 
ments were made at room temperature (23 + 2°). 

The coenzymes were initially dissolved in distilled water and 
then diluted at least 10-fold with 0.20 m buffer of the desired pH 
to a convenient concentration (1.1 to 1.8 x 10-5 m) for de- 
termination of the spectrum. The blank cuvette contained the 
same buffer as the coenzyme solution. The following buffers 
were used for the indicated pH values: KCl, pH 1.0 and 2.0; 
potassium formate, pH 3.0; sodium acetate, pH 4.0, 5.0, and 6.0; 
potassium phosphate, pH 7.0 and 8.0; and sodium carbonate, pH 
10.0. 

Paper ionophoresis was carried out with the apparatus described 
by Crestfield and Allen (4), with Whatman No. 1 filter paper. 
Approximately 0.01 ml of each of the following solutions was 
applied to a different position on the starting line: 10-* m solution 
of each coenzyme in distilled water, and a solution containing 
1% picric acid and 1% caffeine. Picric acid (pK. = 0.8), which 
has a single negative charge over most of the pH range studied, 
was used as a reference compound to correct for uncontrolled 
variations in ionic mobility. It was assumed that the true 
mobility of picric acid was constant and that picric acid and the 
coenzymes were subject to the same uncontrolled percentage 
variations in mobility. Caffeine (pK. = 0.15), which is un- 
charged over virtually the entire pH range, was used to correct 
for electro-osmotic movement of the solvent. No corrections 
were made for differences in viscosity of the buffers or for shrink- 


2 The abbreviations used are: BC, benzimidazolylcobamide; 
DBC, 5,6-dimethylbenzimidazolyleobamide; and AC, adeninyl- 
cobamide. 
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Fig. 1. Absorption spectra of 1.44 X 10-' m DBC coenzyme in 
neutral and acid solutions. 1, 0.2 m KCI-HCl buffer, pH 2.0; 2, 
0.2m potassium phosphate buffer, pH 7.0. 


age of the paper on drying. The buffers, voltage gradients, and 
times used for ionophoresis are given in Table II. The positions 
of the coenzymes and picric acid, after ionophoresis, were de- 
termined visually; the estimated central position of the spot was 
used for distance measurements. The position of caffeine was 
determined by its quenching of the fluorescence induced in the 
paper by ultraviolet light. 

The electrometric titration of the DBC coenzyme was per- 
formed with 1.00 n NaOH with a Difunctional Recording Titrator 
(5). The titration vessel contained 6.54 wmoles of coenzyme 
(estimated from its absorbancy at 260 my and the molar ab- 
sorbancy index of 34.7 xX 10° cm? per mole (2)) dissolved in 2.9 
ml of distilled water and 0.1 ml of 1 N HCl. Correction was 
made for a blank titration of the same solvent. 


RESULTS 


Changes in Absorption Spectrum with pH—Figs. 1 and 2 show 
the absorption spectra of the DBC and BC coenzymes at pH 7 
and pH 2, respectively. At pH 7, both coenzymes are red in 
color and they have similar spectra at wave lengths greater than 
300 mu. In particular, both spectra show a low absorbancy 
peak at approximately 520 my. This peak appears to be char- 
acteristic of cobamide coenzyme analogues containing a benzi- 
midazole. At pH 2 the DBC and BC coenzymes are orange in 
color; their spectra are similar above 300 my but are very different 
from those at pH 7.3 The absorbancy peak in the visible region 
is shifted to approximately 460 my and a higher peak appears 
at about 303 mu. At pH 2, the spectra of the DBC and BC 
coenzymes, above 300 my, are virtually identical with those 
of the AC coenzyme at pH 6.8 (1, 7) and the compound obtained 
by hydrolytic removal of adenine from the nucleotide of the AC 
coenzyme (Fig. 9 of (3)). Table I gives the millimolar extinction 
coefficients at three wave lengths of the DBC and BC coenzymes 
in acid solution. The values at 303 and 458 muy are the same 
within the experimental error of the determination as those of 
the AC coenzyme in neutral or acid solution (2). 

The reversible changes in the spectra of the DBC and BC 
coenzymes between pH 7 and pH 2 indicate an ionic change in 
this region. In order to locate the region of ionization more 
precisely, the spectrum of each coenzyme was determined at 
regular intervals over the entire pH range with a solution of 
constant coenzyme concentration, and the absorbancy at selected 


* Bernhauer et al. (6) have independently reported absorbancy 
maxima and minima of the DBC coenzyme (cobalamin conjugate) 
at pH 2.7 and 6.4. 
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Fig. 2. Absorption spectra of 1.84 X 10-5 m BC coenzyme in 
neutral and acid solutions. 1, 0.2 m KCI-HCl buffer, pH 2.0; 2, 
0.2 m potassium phosphate, pH 7.0. 


TABLE I 
Millimolar extinction coefficients of BC 
and DBC coenzymes at pH 2.0 

The values were calculated from the absorption spectra shown 
in Figs. 1 and 2, by determining the ratio of the absorbancy at 
indicated wave lengths of the coenzyme at pH 2.0 to the absorb- 
ancy of the coenzyme at pH 7.0, with 375 my as a reference wave 
length. The millimolar extinction coefficients of the coenzymes 
in neutral solution at 375 my are given by Barker et al. (2). 











Eyem™ 
Wave length 
BC coenzyme DBC coenzyme 
mp 
263 41.7 41.9 
303 22.2 22.0 
458 9.0 8.7 











wave lengths was plotted as a function of pH. The results, 
given in Figs. 3 and 4, show that both the DBC and BC coen- 
zymes undergo major spectral changes in the region between pH 
2.0 and 5.0. The apparent pKa, estimated from the midpoint 
of the spectral changes, is approximately 3.5 for both coenzymes. 

The spectrum of the AC coenzyme does not change signifi- 
cantly over the pH range from 1.0 to 8.0. The absorbancy of 
the coenzyme solution at 263, 303, or 458 my remains constant 
over this range. 

Changes in Ionophoretic Mobility with pH—Table II gives the 
observed mobilities of the AC and DBC coenzymes, picric acid, 
and caffeine over the pH range from 1.9 to 12.5. In Fig. 5 are 
plotted the coenzyme mobilities, corrected for the observed 
variations in the mobility of picric acid. The figure shows that 
both coenzymes are positively charged in acid solution, are 
approximately neutral from about pH 5 to 10,‘ and are nega- 

‘The apparent slow and approximately constant mobility of 
the coenzymes towards the anode between pH 5 and 10 is prob- 
ably attributable to a weak adsorption of the coenzyme by the 
paper. This would retard the movement of the coenzymes rela- 
tive to the solvent and caffeine, both of which move fairly rapidly 
toward the cathode in this pH range. Consequently, relative to 
caffeine, the uncharged coenzymes appear to move toward the 


anode. Actually they are moved by the solvent toward the cath- 
ode somewhat more slowly than caffeine. 
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tively charged above pH 11. The apparent pK, is approxi- of acid per mole of coenzyme against pH. It can be seen that 
mately 3.4 for the AC coenzyme and 3.3 for the DBC coenzyme. approximately 2 equivalents of acid are required to titrate | 3.46 
Titration-pH Curve of DBC Coenzyme—Fig. 6 shows the titra- mole of coenzyme. This establishes the existence of two ioniz- bel 
tion curve of the DBC coenzyme, plotted as added equivalents able groups, other than phosphate, in the coenzyme. These pho 
_— two groups evidently have almost the same ionization constants, 
; 4 ' ' ' inasmuch as the experimental titration curve (solid line) corre- 
sponds rather closely to the theoretic titration curve (dotted line) T 
calculated from the Henderson-Hasselbach equation, assuming star 
ents the presence of 2 moles of a monobasic acid with a pK, value of _ 
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Fic. 3. Influence of pH on the absorbancy of 1.59 X ‘10-5 a pH The 
DBC coenzyme at selected wave lengths. The buffers are de- Fig. 4. Influence of pH on the absorbancy of 1.80 X 10-5 m BC clos 
scribed in the text. coenzyme at selected wave lengths. the 
TABLE II 
Electrophoretic mobilities of AC and DBC coenzymes spe 
All anionic buffers were sodium salts, except phosphate which was a potassium salt. All cationic buffers were hydrochlorides. 7 
| | Mobility has 
pH | Concentration Buffer Voltage* | Time | on oan l ] pe 
| | Coenzymet | Coenzymet Picric acidt Caffeine it i 
M : volts | min | cm*/volt X sec X 105 cm?/volt X sec X 108 &ZO 
1.89 0.10 oxalate 800 120 | a2 4 2s -9.2 | 0 shii 
2.58 0.10 glycine 1500 76 | 4.7 | 8.6 —11.3 | 0.3 ass 
2.61 0.050 glutamate 1600 | 64 | 42 | 28 —10.8 0.8 mo 
3.08 0.050 glutamate 2000 75 | 3.15 | 2.3 | 10.6 1.2 wit 
3.12 0.10 glycine 1600 70 3.4 | 2.5 —11.3 0.7 by 
3.50 0.10 oxalate 1000 142 | 1.2 | 0.9 -—8.9 | 0.7 pea 
3.55 | 0.10 citrate 1600 | 70 1.5 2.00 —8.9 1.0 pot 
4.03 0.10 citrate 1500 | 101 | -0.05 | -0.1 | -9.1 1.4 BC 
4.52 | 0.050 glutamate 2000 | 90 | —0.4 ate | wae +, ool 
5.30 | 0.20 acetate 1200 143 | -0.7 2: 1). <8: 1. ap} 
6.30 0.10 phosphate 1400 | 127 er —0.7 | -9.9 | 320 abc 
6.95 | 0.10 phosphate 1000 120 | —1.4 —0.85 —$.9 2.2 mu 
8.29 0.10 Tris 1600 | 110 | -1.1 —0.5 | 12.1 | 28 1 
9.60 0.10 glycylglycine 2000 | 92 | —1.4 —0.5 | —12.5 | 3.5 mo 
11.30 0.20 carbonate 500 288 | —1.5 -1.2 | 8.5 | 2.1 sin 
12.5 0.10 sodium hydroxide 700 | 192 | —3.0 —2.3 | —13.2 | 4.9 bu 
* The effective length of the paper was 47 cm. Ok 
t Mobilities corrected for electro-osmosis. A negative value denotes movement towards the anode. 
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3.45. The deviation from the Henderson-Hasselbach curve 
below pH 3.5 is undoubtedly caused by partial titration of the 
phosphate group (pK. ~ 2.0) of the coenzyme. 


DISCUSSION 


Three independent measures of the apparent ionization con- 
stants of the DBC coenzyme have been obtained by (a) paper 
jonophoresis (pK, = 3.3), (6) titration (pK. = 3.45), and (c) 
observation of spectral changes (pK, = 3.5). Not all of these 
values have the same meaning. The value obtained from spectral 
data is a measure of the intrinsic ionization constant of the 
chromophoric system, whereas the values obtained by the other 
two methods are measures of the mean ionization constants of 
the two groups that ionize in the region of pH 3.5. The near 
identity of the intrinsic ionization constant of the chromophoric 
system and the mean ionization constant of the two groups, ob- 
tained by titration, indicates that the intrinsic ionization constants 
of these groups are approximately the same. 

The spectral method shows that the intrinsic ionization con- 
stant of the chromophoric system of the BC coenzyme (pK, = 
3.5) is the same as that of the DBC coenzyme. No information 
was obtained concerning the second ionizable group in the former 
analogue. The ionophoretic data show that the apparent pK. 
value of the AC coenzyme is about 0.1 unit greater than that of 
the DBC coenzyme. The slightly larger value presumably 
reflects the greater basicity of the nucleotide adenine moiety 
relative to the benzimidazole moiety. 

In the DBC coenzyme, one of the groups that ionizes in the 
region of pH 3.5 is undoubtedly the adenine moiety which is 
characteristic of all of the cobamide coenzymes and which ap- 
pears to be present as a nucleoside (3, 8). The adenine of the 
nucleoside has been shown to be substituted in the N-9 position. 
The pK, value of the free nucleoside would be expected to be 
close to 3.5 because adenosine, which presumably differs from 
the nucleoside of the coenzyme only with respect to the identity 
of the sugar component, has a pK, of 3.63 (9). The ionization 
of the nucleoside appears to have no effect on the coenzyme 
spectrum (see below). 

The second ionizable group in the DBC or BC coenzyme, which 
has a pK, of approximately 3.5, is the benzimidazole moiety. 
The involvement of this group is clearly established by the ob- 
servation that the shift in spectrum with pH occurs only when 
it is present. No such spectral shift occurs when the benzimid- 
azole moiety is replaced by an adenine moiety. The spectral 
shift observed with the BC and DBC coenzymes presumably is 
associated with protonation of the N-3 atom of the benzimidazole 
moiety, which in turn is accompanied by cleavage of its bond 
with cobalt. The release of the dimethylbenzimidazole moiety 
by acidification of the DBC coenzyme is indicated by the ap- 
pearance of the characteristic absorbancy peak (10) of this com- 
pound in the coenzyme spectrum at 284 mu (Fig. 1). With the 
BC coenzyme, the same phenomenon is shown less clearly by the 
appearance of a small shoulder on the main absorbancy peak at 
about 273 mu where benzimidazole has an absorbancy maxi- 
mum. 

The apparent pK, value of the 5,6-dimethylbenzimidazole 
moiety of the DBC coenzyme is somewhat lower than that of 
simple nucleosides of this compound (pK, = 4.58 to 4.70 (11)), 
but is much higher than that of the dimethylbenzimidazole 
moiety in cyanocobalamin (pK, ~ 0 (10, 12)). Because the 
pK, value apparently depends on the competition between 
protons and the cobalt ion for N-3 of the dimethylbenzimidazole 
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moiety, the higher pK, of the coenzyme indicates that the 
benzimidazole moiety is much more weakly bound to cobalt 
in the coenzyme than in the vitamin. The relative strengths 
of the bond to cobalt are indicated by the change of pK, relative 
to that of a simple nucleoside. With the DBC coenzyme this 
change is about 1.1 (4.6 — 3.5), whereas with cyanocobalamin 
it is about 4.6 (4.6 — 0.0) logarithmic units. 

The weakening of the bond between cobalt and the hetero- 
cyclic base on the side chain of the cobamide coenzymes is most 
striking with the AC coenzyme. Although this coenzyme 
acquires a positive charge in acid solution, as indicated by the 
change in ionophoretic mobility, there is no corresponding change 
in its spectrum. Indeed, the spectrum of this analogue through- 
out the range from pH 2 to 7 is very similar, above 300 muy, to 
that of the DBC coenzyme at pH 2. The explanation of this 
relation is that the adenine of the nucleotide side chain is either 
not attached to cobalt or is attached so weakly that it does not 
modify the spectrum of the cobamide portion of the coenzyme. 
This interpretation is supported by the observation that removal 
of this adenine moiety has very little effect on the spectrum of 
the coenzyme at pH 6 (3). Because no spectral change occurs 
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on acidification of the AC coenzyme, it is apparent that ioniza- 
tion of the second adenine moiety, which is present in all of the 
cobamide coenzymes, also does not affect the spectrum. No 
unambiguous interpretation of this result appears to be possible. 
The absence of a spectral change could mean either that this 
adenine moiety is not directly bonded to the cobalt atom, as 
has been previously suggested (3, 8), or that its protonation does 
not affect the spectrum of the corrinoid structure even though 
the adenine moiety is attached to the cobalt. In this connec- 
tion, it may be noted that protonation of adenosine causes only 
a small change in its spectrum (13). 

The apparent absence of a bond between the nucleotide adenine 
and cobalt in the AC coenzyme implies that the nucleotide side 
chain does not occupy a fixed position when the coenzyme is in 
solution, but is free to move about within the restrictions im- 
posed by its primary structure. This relative freedom of move- 
ment may account for the failure of repeated attempts to crystal- 
lize this coenzyme analogue. By contrast, the BC and DBC 
coenzymes, which show spectral evidence of a binding of the 
benzimidazole moiety to cobalt, crystallize readily. 

It is well established that animals and some microorganisms, 
such as Ochromonas malhamensis, are able to utilize cyanocobala- 
min and any one of several of its analogues which contain 
substituted benzimidazoles, but are unable to utilize pseudovi- 
tamin B,. and certain other purine-containing analogues (14). 
Recently Lengyel, Mazumder, and Ochoa (15) have shown that 
the methylmalony] isomerase from sheep kidney shows a similar 
specificity with respect to the cobamide coenzymes; the BC and 
DBC coenzymes activate this enzyme whereas the AC coenzyme 
does not. In the past, the chemical basis for this type of specific- 
ity was not apparent. Although the purines were shown to be 
bound to cobalt somewhat less strongly than the benzimidazoles 
in the cobamide vitamin analogues, the differences in binding 
strength did not appear to be sufficient to account for the 
qualitative differences in vitamin activity. Now it is clear that 
the cobamide coenzymes which contain a purine in the nucelotide 
differ qualitatively from those containing a benzimidazole with 
respect to the position of the visible absorbancy maximum of 
their spectra in neutral solution, and with respect to the attach- 
ment or nonattachment of the heterocyclic base to cobalt. It 
seems probable that the latter property provides a basis for the 
preference of certain organisms and enzymes for the benzimid- 
azole-containing cobamides. 


SUMMARY 


A study has been made of the influence of hydrogen ion con- 
centration on the spectra and ionophoretic mobilities of cobam- 
ide coenzymes which contain adenine or a benzimidazole in 
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the nucleotide side chain. The spectra of the benzimidazole- 
containing coenzymes are very different in neutral and acid 
solutions, the pK, of the chromophoric system being about 3.5, 
In neutral solution, the visible absorbancy maximum is at about 
520 my, whereas at pH 2 the corresponding maximum is at 458 
mu. In contrast, the adenine-containing coenzyme analogue 
has a constant spectrum with an absorbancy maximum at 458 
my over the same pH range. Both types of analogues show an 
apparent pK, in the same region (3.3 to 3.4) when examined by 
paper ionophoresis. These results are interpreted to mean that 
the benzimidazole moiety is bound to cobalt much less firmly in 
the cobamide coenzymes than in the corresponding vitamins, and 
the adenine moiety in the nucleotide side chain of the adeninyl- 
cobamide coenzyme is not attached to cobalt. The attachment 
or nonattachment of the heterocyclic base to cobalt provides a 
structural basis for the specificity of the requirement of animals 
and certain microorganisms for cobamide vitamins and coenzymes. 
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Propionibacterium arabinosum is known to produce an aden- 
inyleobamide when grown in a medium containing yeast extract 
or corn steep-liquor (1, 2). Such a medium, although not in- 
tentionally fortified with a heterocyclic base, undoubtedly 
contains substantial amounts of adenine or its derivatives. 
Addition of an appropriate benzimidazole, purine, or other 
heterocyclic base to the medium, or to a suspension of washed 
bacteria (1, 2), results in more or less complete replacement of 
the adenine moiety of the cobamide by the added base. Con- 
sequently, if P. arabinosum, like Clostridium tetanomorphum, 
is able to synthesize the adeninyleobamide coenzyme, it should 
also be able under suitable conditions to synthesize a variety of 
other cobamide coenzyme analogues. Such a “directed syn- 
thesis” of 5,6-dimethylbenzimidazolyleobamide and benzimid- 
azolyleobamide coenzymes by C. tetanomorphum has previously 
been reported (3, 4). 

This paper describes the purification and some properties of 
several additional cobamide coenzymes obtained from cells of 
P. arabinosum exposed to various heterocyclic bases. 


EXPERIMENTAL PROCEDURE 


P. arabinosum (ATCC 4965) was grown in 5-gallon carboys 
in a medium containing per liter, 100 g of glucose, 72 g of corn 
steep-liquor, 5 mg of Co(NOs3)2-6H,O, and 10 g of calcium 
carbonate and neutralized with ammonium hydroxide to pH 7. 
Sufficient quantities of ethanolic solutions containing 50 mg 
per ml of 2,6-diaminopurine, 5-nitrobenzimidazole, 5-metiyl- 
benzimidazole, 5-aminobenzimidazole, or benzthiazole were 
added to the growing cultures after inoculation to give a final 
concentration between 15 and 50 mg per liter. After 5 days 
incubation at 30°, during which time the pH was kept between 
pH 6.5 and 7.0 by frequent additions of 7.5 Nn NH,OH or in 
some cases 3 M NaeCOs, the suspended solids were collected by 
centrifugation and frozen until needed. For the preparation of 
cells containing the 5-trifluoromethylbenzimidazole coenzyme 
analogue, a P. arabinosum culture was grown for 5 days in the 
glucose-corn steep-liquor-calcium carbonate medium. ‘The cells 
were then collected by centrifugation and resuspended in distilled 
water. Examination of extracts of these cells by paper iono- 
phoresis (1), after treatment with KCN, showed the presence of 
adeninyleobamide cyanide and only traces of other corrinoid 
compounds. An ethanolic solution of 4-trifluoromethyl-1 ,2- 
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from the National Institutes of Health (E-563), Public Health 
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search contract with the Atomic Energy Commission. 


diaminobenzene dihydrochloride was added to aliquots of this 
suspension to give a final concentration of 100 mg per liter, and 
the suspensions were shaken for 24 hours at 30°. The cells were 
then collected by centrifugation and stored at —10° until needed. 

Chemicals—Reference chemicals used for identification 
purposes were obtained from the following sources: adenine, 
5-methylbenzimidazole, and 5-nitrobenzimidazole from Eastman 
Kodak Company; 2,6-diaminopurine sulfate from California 
Corporation for Biochemical Research; 5-aminobenzimidazole 
from K and K Laboratories; benzimidazole from Matheson, 
Coleman, and Bell, Inc.; and 5,6-dimethylbenzimidazole from 
Merck Sharp and Dohme. 5-Trifluoromethylbenzimidazole was 
synthesized by condensing 4-trifluoromethyl-1 ,2-diaminobenzene 
with formic acid according to the method of Brink and Folkers 
(5). 

The crystalline BC! and DBC coenzymes (3) and the non- 
crystalline AC coenzyme (6) were preparations previously 
described. 

Physical Methods—All absorption spectra were recorded with 
a Cary model 14 spectrophotometer with the use of a quartz 
cell of 1-ml capacity and 1.0-cm light path. Other absorbancy 
measurements were made either with the Cary spectrophotometer 
or with a Beckman model DU spectrophotometer. Fluorometric 
properties were determined with an Aminco-Bowman spectro- 
photofluorometer connected through a photomultiplier micro- 
photometer to either a cathode-ray oscillograph or a Moseley 
X-Y recorder. 

The following molar absorbancy index values, expressed as 
ay, X 10-§ cm? per mole, were used in the quantitative estimation 
of the indicated compounds unless otherwise stated: adenine, 
13.2 at 263 my (7); 2,6-diaminopurine, 9.9 at 281 my (8); 
benzimidazole, 7.00 at 273 my (9); 5-methylbenzimidazole, 6.45 
at 280 my (9); 5-trifluoromethylbenzimidazole, 3.51 at 273 my; 
5,6-dimethylbenzimidazole, 7.85 at 283 my (9); 5-nitrobenzim- 
idazole, 9.01 at 280 my; and 5-aminobenzimidazole, 5.04 at 
273 my. All values apply to dilute solutions of the bases in 
0.01 to 0.1 Nn HCl. When no reference is given, the value was 
estimated by measuring the absorbancy of an accurately prepared 
solution of an authentic sample of the base. 

Coenzyme Purification—The coenzymes were isolated by the 
method previously described (6) with the following modifications. 
The scale of the operations was reduced according to the quantity 
of cells available (Table I). Passage through Dowex 50-Na+ was 


1 The following abbreviations are used: BC, benzimidazolyl- 
cobamide; DBC, 5,6-dimethylbenzimidazolyleobamide; and AC, 
adeninylcobamide. 
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TABLE [| 

Cobamide coenzyme preparations isolated from P. arabinosum 

The sodium acetate buffers used to elute the coenzymes were 
0.02 M, except that DAP-2 was eluted with 0.1 mM potassium ace- 
tate. The coenzyme yield is expressed in micromoles per kilo- 
gram of moist cell paste. The quantity of coenzyme was calcu- 
lated from the absorbancy in the colored region (458 my for orange 
and 520 my for red coenzymes), with the approximate ay = 8.0 X 
10° cm? per mole. 

















| Cell |Coenzyme | pj,,;.. | le 
Base added to medium | paste | prepa- | mains | Color sile 
g } pH | pmoles/kg 
2,6-Diaminopurine.....| 470 |DAP-1 6.0 Orange| 0.1 
|DAP-2 |7.3-9.0 eae 4 
Benzthiazole ieeveuh Se BRE 6.4 Orange| 8 
5-Nitrobenzimidazole...| 85 |NB-1 §.2 Red | 5 
NB-2 | 6.0 | Orange, 10 
5-Aminobenzimidazole.| 110 |AB-1 | 5.5 | Red 10 
|AB-2 | 6.4 | Red | 5 
5-Methylbenzimidazole.| 151 |MB | 5.5 | Red | 15 
4-Trifluoromethy] -1,2- | 
diaminobenzene......| 91 |/TFB-1 | 5.7 | Red | 
TFB-2 | 6.0 Orange, 12 
omitted. For phenol extraction, a 30:70 mixture by volume of 


85% phenol-trichloroethylene was used in place of phenol alone. 
The final fractionation was performed on a 6-mm diameter X 30- 
em column of Dowex 50W, pH 3.0 (6), 200 to 400 mesh, 2% 
cross-linked. The eluent consisted of 0.02 m sodium acetate 
buffers of decreasing acidity (pH 5.2 to 6.0) followed by 0.02 m 
sodium acetate (pH 8.5), and finally a mixture of 0.02 m NH,OH, 
and 0.05 m sodium acetate. The columns were operated in 
very dim light at room temperature under air pressure (1 to 5 
p.s.i.) at a flow rate of approximately 1 ml per minute. Frac- 
tions of 2-ml volume were collected manually and the ab- 
sorbancy of each fraction at 260 mu was determined with a 
Beckman model DU spectrophotometer. The time required to 
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complete the column fractionation was 2 to 4 hours. A typical 
elution pattern is shown in Fig. 1. 

Fractions containing cobamide coenzymes generally could be 
recognized by their color and absorption spectra (Fig. 2). The 
presence of a coenzyme was confirmed by the enzymatic gluta. 
mate isomerase activity assay, with the spectrophotometriec 
method (6). When activity assays or absorption spectra indi- 
cated inhomogeneity of successive coenzyme peak fractions, the 
appropriate fractions were combined and refractionated on 
second Dowex 50 column with a lower rate of elution, approxi. 
mately 0.5 ml per minute. In this way, rather homogeneous 
coenzyme preparations were usually obtained. The coenzyme 
preparations were concentrated and desalted by extraction into 
phenol and displacement back into water (6). The resulting 
solutions were used for the determination of the physical, chemi- 
cal, and enzymatic properties of the coenzymes. No attempt 
was made to crystallize any of the products. The purified 
coenzyme preparations are listed in Table I along with informa. 
tion of the chromatographic properties, color, and yield. 

Absorption Spectra of Coenzymes—Ultraviolet and _ visible 
absorption spectra of the coenzyme preparations were determined 
with a Cary model 14 spectrophotometer, with the use of silica 
cells with a 1-cm light path. The spectra of several preparations 
are given in Fig. 2 along with spectra of crystalline BC and DBC 
coenzymes. The spectra of preparations TFB-2, BT, and DAP- 
1, which are not shown, are essentially the same as that of 
preparation NB-2 (curve 7). The absorption spectrum of 
preparation AB-1 is identical with that of preparation NB-1. 

Identification of Coenzyme Analogues—To establish the identity 
of each coenzyme, the compound was first treated with alkaline 
cyanide to form the corresponding cyanocobamide vitamin and 
release a purine base, which in all cases was found to be adenine 
(see below). The vitamin was separated from the adenine by 
means of a Dowex 50 column. The heterocyclic base on the 
nucleotide side chain of the vitamin was released by acid hydrol- 
ysis, isolated, and identified. 

Cyanide Treatment—The rates of reaction of the coenzyme 
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Fig. 1. Typical elution pattern of cobamide coenzymes from 
a Dowex 50 column under conditions described in the text. The 
sample was derived from cells grown in the presence of 5-nitro- 
benzimidazole. Coenzyme preparation NB-1 was obtained from 
the Fractions 29 to 48 of the first red peak, and preparation NB-2 
was obtained from fraction 70 of the orange peak. The red peak 
eluting with 0.02 m NH,OH and 0.05 m sodium acetate had the 
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FRACTION 


properties of an aquocobamide. The other peaks were not identi- 
fied. The volume of each fraction was approximately 2 ml. Co- 
enzyme activity is expressed in units per milliliter. A unit is the 
quantity of coenzyme that causes a l-unit absorbancy change per 
minute under the conditions of the spectrophotometric coenzyme 
assay (4). 
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Fic. 2. Absorption spectra of the cobamide coenzyme prepara- 
tions. The numbers on the spectra correspond to the following 
preparations: 1, AB-2; 2, NB-1; 3, TFB-1; 4, crystalline DBC 
coenzyme; 5, MB; 6, crystalline BC coenzyme; 7, NB-2; 8, DAP-2. 
Inall cases the solvent was the sodium acetate solution with which 
the coenzyme was eluted from Dowex 50 (see Table I). The pH 
of the solution varied from 5.2 to 9.0; within this range the spectra 
of the cobamide coenzymes do not change with pH. 


preparations with 0.1 m KCN at room temperature were deter- 
mined by following the absorbancy change at 367 mu. Fig. 3 
shows that the coenzymes fall into two distinct groups with re- 
spect to the rate of reaction with cyanide. The members of one 
group, subsequently shown to consist of coenzyme analogues 
containing a purine in the nucleotide, were completely decom- 
posed by conversion to the dicyanocobamide in approximately 5 
minutes. The members of the second group, later shown to 
consist of analogues containing a benzimidazole in the nucleotide, 
require considerably longer for complete decomposition. Prep- 
aration AB-2 was completely decomposed in 20 minutes, whereas 
all other members of this group required an hour or more. 

On the basis of the above results, all the coenzyme preparations 
were allowed to react with 0.1 m KCN for 2 hours at 22-24°, with 
a coenzyme concentration of 1 X 10-5to 4 x 10-5 m. The ab- 
sorption spectrum of each sample, suitably diluted, was then 
determined. All the coenzymes in 0.1 mM KCN gave products 
with a typical dicyanocobamide spectrum (6). 

Isolation of Cyanide Decomposition Products—The pH of the 
cyanide-treated coenzyme solution was adjusted to 3.0 with 1 N 
HCl, and nitrogen gas was bubbled through the solution to re- 
move excess HCN. The solution was placed on a small (5mm X 
9 cm) column of Dowex 50, pH 3, and the components were 
differentially eluted with sodium acetate buffers. 

The elution patterns of the cyanide degradation products were 
of two types. A typical example of each type is shown in Fig. 4. 
In type A, the cyanocobamide was retained by the resin at pH 
3.0, but was eluted rapidly by 0.02 m sodium acetate buffer, pH 
5.5. A colorless, ultraviolet-absorbing base was eluted slowly 
after the cobamide at pH 5.5. Preparations BT, NB-2, AB-2, 
TFB-2, DAP-1, and DAP-2 gave type A elution patterns. In 
the type B elution pattern, the cyanocobamide passed through the 
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Fic. 3. Reaction of cobamide coenzymes with alkaline cyanide. 
The coenzyme solutions (1.6 X 10-5 to 3.8 X 10-5 m) at room 
temperature were made 0.1 m with respect to KCN. The final 
pH was between 9 and 10. The abscissa shows the time after 
addition of cyanide and the ordinate gives the absorbancy at 367 
mu. The numbers correspond to the following coenzyme prep- 
arations: 1, NB-2; 2, TFB-2; 3, DAP-1; 4, DAP-2; 5, BT; 6, AB-2; 
7, AB-1; 8, NB-1; 9, crystalline DBC coenzyme; 10, MB; 11, TFB-1. 





























T T T T T T T T 
Pass & Wosh4———Na Ac 0.02 M, pH5.5— 
O6/- | =D a 
04+ A Za 
a 
—E tf 
= 4 
“o2- COLORLESS_| 
> 
8 r x 
q 
2 So 1 L rl 1 1 
D Poss & Wash-+—Na Ac 0.02M, pH6.0— 
a 
< O3- m 
r RED COLORLESS ~ 
O.2}- a 
' B 4 
O.1- a 
L 4 l n 4 1 1 | 
fe) 20 
FRACTION 


Fic. 4. Separation of the products of cyanide treatment on 
Dowex 50. A solution of each sample, adjusted to pH 3.0, was 
allowed to run into a 5-mm diameter X 9 cm column of Dowex 50, 
pH 3, and the products were eluted with the solutions shown at the 
top of each diagram. Each fraction contained 2 ml. The elution 
patterns were obtained with preparations BT, A, and AB-1, B. 
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resin at pH 3.0. Subsequent elution with 0.02 m sodium acetate, 
pH 6.0, rapidly removed a colorless base. Preparations NB-1, 
AB-1, MB, TFB-1, and the DBC coenzyme showed this type of 
elution pattern. An explanation for these two types of elution 
patterns will be given after identification of the coenzymes. 

The separated cyanocobamides were concentrated and desalted 
by extraction into phenol (6) and back into water, and the ab- 
sorption spectrum of each was determined. Each coenzyme 
preparation, except DAP-2, gave a product with an absorption 
spectrum characteristic of a monocyanocobamide (10). The 
product derived from preparation DAP-2 had the spectrum of a 
dicyanocobamide. 

The colorless product of cyanide treatment was eluted from 
the column in 10 to 15 ml of acetate buffer. It was concentrated 
and desalted by adjusting the solution to pH 3, adsorbing the 
compound on a 4-mm diameter X 5 mm column of Dowex 50, 
pH 3, washing the column with water, and finally eluting the 
product with 1.5 ml of 0.25 n NH,OH. All of the ultraviolet- 
absorbing material was eluted in this volume. After excess 
ammonia was removed by evaporating the solution to dryness 
over sulfuric acid, the residue was dissolved in 1 ml of water and 
used to characterize the product. Each active coenzyme yielded 
a colorless product which had an absorption spectrum identical 
with that of adenine at pH 1 and pH 13. The product was 
further characterized by ascending paper chromatography 
(Whatman No. 1 filter paper) in two solvents: Solvent I. n- 
Butanol-acetic acid-water (74:19:50 by volume); Solvent II. 
Water-saturated n-butanol-concentrated NH,OH (100:1). The 
product in all cases had the same R, value as authentic adenine 
in both solvents (Solvent I: 0.58; Solvent II: 0.34). Each co- 
enzyme preparation yielded approximately 1 mole of adenine per 
mole of cobamide (Table IT). 

Isolation and Identification of Nucleotide Base—Solutions of the 
cyanocobamides were made 0.1 N with respect to HCl and heated 
in a boiling water bath for 20 minutes. After cooling, the ab- 
sorption spectrum of each sample was determined. The samples 
derived from preparations NB-1, AB-1, MB, and TFB-1 showed 
no significant change in spectrum during mild acid hydrolysis. 
The samples derived from preparations BT, NB-2, AB-2, TFB-2, 
DAP-1, and DAP-2 showed striking changes in their spectra. 


TABLE II 
Yield of adenine after cyanide treatment 
The quantity of each coenzyme was calculated from the ab- 
sorbancy at 367 my in 0.1 mM KCN, assuming a common ay of 30.4 
X 10®cm? per mole. The amount of adenine was calculated from 
the absorbancy at 263 my in 0.1 n HCl with an ay of 13.2 X 106 
cm? per mole. 











Coenzyme preparation | Coenzyme used | ——, | “oe 

| umole umole | moles/mole 
NS ii Secetece lease al | 0.053 ~0.05 | ~0.94 
SEES Rares re | 0.081 0.069 | 0.85 
SR ee regen a ee 0.111 0.103 0.93 
| S| eee ee 0.131 0.115 0.88 
EE ess3kooins sw aw ae ate 0.127 0.121 | 0.95 
8 cere eee one | 0.130 0.113 0.87 
| REAR ce eee 0.200 0.154 0.77 
data es oc dhs ere tata 0.190 0.185 0.97 
+. eens 0.0388 =| 0.039 1.03 
2 | eee eee 0.076 0.092 


1.21 
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Fig. 5. Spectrophotometric identification of the base released 
by mild acid hydrolysis of preparation DAP-2. The solid lines 
represent the absorption spectra in 0.1 N HCl, the broken lines in 
0.1 n NaOH, and the dotted lines in neutral solution (pH 7). 1 
Authentic 2,6-diaminopurine; 2, base from preparation DAP-2. 


, 
The absorbancy at 260 my increased, the wave length of maximal 
absorbancy shifted from approximately 360 my to 353 muy, and 
the double peak at 548 and 515 my was replaced by a double 
peak at 528 and 495 my with a shoulder at 465 mu. 

Samples which showed these spectral changes were heated for 
an additional 45 minutes at 100° and were then cooled, neu- 
tralized with 1 nN NaOH, and made 0.1 m with respect to KCN 
in order to form the negatively charged dicyano derivative. 
After 15 minutes, the pH was adjusted to 3 to 4 with 6 N HCl and 
the solution was passed into a4 mm X 5cm column of Dowex 50, 
pH 3. The purple dicyanocobamide passed through imme- 
diately. After washing the resin with water until the ab- 
sorbancy of the effluent at 260 my was negligible, the base was 
eluted completely with 1.2 ml of 0.25 N ammonia and excess 
ammonia was removed by evaporation in a vacuum over sulfuric 
acid. No base was recovered from preparation AB-2. 

The bases so obtained were compared spectrophotometrically, 
fluorometrically, and chromatographically with authentic purines. 
The absorption spectra were compared with those of adenine and 
2 ,6-diaminopurine under neutral, acidic, and alkaline conditions. 
The spectra of the bases derived from coenzyme preparations 
BT, NB-2, and TFB-2 were virtually identical in both acid and 
alkaline solution with those of adenine. The base from prep- 
aration DAP-1 was contaminated with ultraviolet-absorbing 
impurities and consequently could not be positively identified, 
but it was probably adenine. The spectrum of the base derived 
from the nucleotide of preparation DAP-2 is essentially the same 
as that of authentic 2,6-diaminopurine (Fig. 5). After making 
pH adjustments for the determination of absorption spectra, the 
purines were again desalted by adsorption on Dowex 50, pH 3, 
washing, and elution with ammonia. The final ammonia-free 
solution was spotted on Whatman No. 1 filter paper and chro- 
matographed in Solvent II above and in Solvent III (n-butanol 
saturated with 5% urea). Adenine was located as a quenching 
spot and 2,6-diaminopurine as a blue fluorescent spot when 
viewed under ultraviolet light. The Rp values of the nucleotide 
base derived from preparation DAP-2 and of authentic 2,6- 
diaminopurine were 0.13 in Solvent II and 0.18 in Solvent III. 
The corresponding values of the bases derived from preparations 
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TABLE III 
Yields of bases released by mild acid hydrolysis 
The amount of cyanocobamide was calculated from the ab- 
sorbancy at 361 my of the isolated product of cyanide treatment, 
with an absorbancy index (ay) of 27.8 X 10° cm? per mole, the 
yalue for cyanocobalamin. The amount of adenine derived from 
preparations DAP-1, BT, NB-2, and TFB-2 was calculated from 
the absorbancy at 263 my in 0.1 N HCl and ay 13.2 X 10° cm? per 
mole. The amount of 2,6-diaminopurine derived from prepara- 
tion DAP-2 was calculated from the absorbancy at 281 my in 0.1 
x HCl and ay 9.9 X 106 em? per mole. 


— 
| 
| 





Ratio base- 


|Cyanocobamide E 
usi cobamide 


Coenzyme preparation 











Base recovered | 
| 


umoles | pmole moles/mole 
aes 0.041 | ~0.02 ~0.5 
RE 5 eo Sha reree te aractvsraa 0.067 | 0.073 1.09 
BS ose ra lcnccennaahen 0.080 | 0.079 0.99 
BE i 2icias cme sine yeas | 0.115 0.111 0.97 
No nxha ed vaiiel | 0.100 0.100 


1.00 





BT, NB-2, and TFB-2, and of authentic adenine, were 0.34 and 
0.41. 2,6-Diaminopurine and the base derived from the DAP-2 
coenzyme were further characterized by their fluorescence in 0.1 
nacetic acid; both bases were maximally activated at 288 to 289 
mp and gave maximal fluorescence at 349 to 350 mu. 

The above results adequately identify the nucleotide bases 
from preparations BT, NB-2, and TFB-2 as adenine. The base 
from preparation DAP-1 is probably adenine. Table III shows 
that the amount of adenine released by acid hydrolysis was ap- 
proximately 1 mole per mole of cobamide, except in the case of 
preparation DAP-1, which yielded 0.5 mole. 

The cyanocobamides that were unaffected by heating in dilute 
acid and the derivative of preparation AB-2, which showed 
spectrophotometric changes in dilute acid but yielded no free 
base after this treatment, were made 6 N with respect to HCl, 
sealed in evacuated glass tubes, and heated at 150° for 20 hours 
to liberate the base. Excess HCl was removed by evaporating 
the hydrolysate to dryness over solid NaOH at 37°. The resi- 
dues from preparations MB and TFB-1 were taken up separately 
in 2 ml of 0.1 N HCl and extracted twice with equal volumes of 
chloroform (5). The chloroform phase was discarded. The 
aqueous phase was alkalinized (0.1 N NaOH) and extracted six 
times with 1-ml volumes of chloroform. The combined, un- 
washed chloroform phase was evaporated to dryness in a stream 
of nitrogen with gentle warming. The residue was taken up in 1 
ml of 0.1 Nn HCl and the absorption spectrum was recorded. 
The solution was alkalinized with 10 n NaOH to 0.1 N and the 
spectrum was again determined. 

The bases from preparations NB-1 and AB-1 could not be 
extracted from either alkaline or acidic aqueous solution with 
chloroform and tests with authentic 5-nitrobenzimidazole showed 
that it behaved in the same way. The bases released by hy- 
drolysis of NB-1, AB-1, and AB-2 were recovered in the following 
way: Sufficient 1 m potassium cyanide was added to form the 
dicyanocorphyrin derivatives. The pH was then adjusted to 
3.0 and the solution was placed on a 5 mm X 2 cm column of 
Dowex 50, pH 3. The purple dicyanocorphyrins passed through 
directly. The resin was washed with water until the absorbancy 
at 260 my was negligible and then the base was eluted with 1 ml 
of 0.25 n NH,OH. After evaporating the solution to dryness to 
Temove excess ammonia, the residue was dissolved in 1 ml of 
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water. Suitable aliquots were taken for comparison of the ab- 
sorption and fluorescence spectra with those of authentic 5- 
nitrobenzimidazole and 5-aminobenzimidazole. 

Characteristic spectral properties of some authentic benzimid- 
azoles and of the nucleotide bases obtained by degradation of 
coenzyme preparations MB, AB-1, AB-2, TFB-1, and NB-1 are 
summarized in Table IV. The ultraviolet absorption spectra of 
the bases obtained from these preparations and of the correspond- 
ing benzimidazoles are given in Figs. 6 through 9. Quantitative 
data on the yields of bases from the coenzymes are given in 
Table V. 

Determination of Kinetic Properties of Coenzymes—The Ky» 
and relative Vmax values were determined for each coenzyme. 
The relation between rate (V) and coenzyme concentration (S) 
was determined under the conditions used for the spectropho- 
tometric coenzyme assay (6) except that a Cary recording spec- 
trophotometer was used. The rate, AA per minute at 240 mu, 
was estimated from the linear portion of the recorded absorbancy- 
time plot which usually was observed between 1.0 and 2.0 minutes 
after adding the enzyme. K,, and Vmax values were determined 


1 1 S 
by plotting either 3 against yr, against S, and using the ap- 


propriate intercept equations. 
Fig. 10. 
The molar activity of each coenzyme was calculated from the 


Typical kinetic data are shown in 


TABLE IV 


Spectral properties of benzimidazole derivatives and nucleotide 
bases from coenzyme preparations 











Absorbancy maxima —— 
7 Activa-| Fluo- 
in 0.1N HCI | in 0.1 NaOH | ,110n_ |Tescence 
mum mum 
mp mp 
5-Methylbenzimidaz- 
MO eens crc Pacecicls ee te OO 242, 273, 280 | 243,277,282 | 281 | 375 
Base from preparation 
RA, GRO meen ete: 241, 273, 279 | 243, 277, 282 | 282 | 375 
5-Trifluoromethylbenz- 
imidazole. ...........%. 238, 267, 273 | 277 282 | 300 
Base from preparation 
(2 Ae rere ore 235, 267, 273 | 277 280 | 300 
5,6-Dimethylbenzimid- 
ne eee eee 244, 274, 284 | 246, 280, 286 | 285 | 382 
Benzimidazole......... 241, 261, 267,) 249, 271,277 | 272 | 365 
273 
5-Aminobenzimidazole .| 238, 267,273 | 294 280 | 380 
310 | 445 
Base from preparation 
[oo =, SER Atri ert sane: 223, 280 251, 358 350* | 410* 
Base from preparation 
[Ce a nearer (265) ,f 272 292 278 | 375 
312 | 445 
5-Nitrobenzimidazole . .| 225, 280 251, 359 358* | 410* 
Base from preparation 
pe I Ure 224, 280 251, 358 355* | 410* 




















* Determined in 0.1 N HCl; all other fluorometric determina- 
tions were made in 0.1 N acetic acid. 

j The position of a shoulder on the spectrum; the expected 
maximum was obscured by impurities with a strong end absorp- 
tion. 
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Fig. 8. Spectrophotometric identification of the base released end of 
C2 — by strong acid hydrolysis of the cyanocobamide derived from co- u coen 
L enzyme preparation TFB-1. 1, Base derived from the coenzyme; | ditions 
2, synthetic 5-trifluoromethylbenzimidazole. | — funeta¢ 
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Fic. 6. Spectrophotometric identification of bases released by ¢ A AL 
strong acid hydrolysis of cyanocobamides. 1, Base from prepara- 8 0. ra 
tion AB-1; 2, base from preparation NB-1; 3, 5-nitrobenzimidazole. 5 + o| 4 ir i 
” 
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Fic. 9. Spectrophotometric identification of the base released N 
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by strong acid hydrolysis of the cyanocobamide derived from prep- 5(6)-1 
7 aration AB-2. 1, Authentic 5-aminobenzimidazole; 2, base de- TF 
rived from the coenzyme. j ( i 
Benzil 
> 7 TABLE V +E 
“ Yield of bases released by strong acid hydrolysis | ACcao 
veg _ The amount of cyanocobamide was calculated from the ab- | 
2 sorbancy at 361 my and an assumed ay value of 27.8 X 10° cm? per | activi 
3 2 mole. The amount of each base was estimated from the absorb- | — enzyn 
4 ancy at a suitable wave length, with the ay values and the condi- coenz 
tions given in the text. > the le 
Saal | . enzy 
7 Coenzyme preparation ~~ Base recovered | a... sit 
te umole | umole | moles/mole ~ 
2 . NB-1.. 0.099 0.069 | 0.70 * 
\ AB-l......... 0.094 0.000 | 0.96 BPs 
A eee. |) 0.146 0.045 0.31* an, 
250 300 250 300 MB.. , 0.122 0.118 0.97 
WAVELENGTH (mu) TFB-1..... 0.038 | 0.019 | 0.50 rh 
Fie. 7. Spectrophotometric identification of the base released * The vield is low bec: fl f , f the b pe 
by strong acid hydrolysis of the cyanocobamide derived from co- The yield is low because of loss of part of the base. abso 
enzyme preparation MB and the corresponding aquocobamide. conc 
: , wires Bost oer Fesicy hy oe ae aa 2, authentic per minute, the rate used for calculating the molar activity was prop 
ois ieee”). ae re ee ee ND about 0.17 X Vmax. The molar activity under a given set of effec 
experimental conditions is defined by the equation refle 
linear portion of the coenzyme concentration-velocity curve. . don 
: : = 0.050 AA /min. I 
The value of S corresponding to a rate of 0.050 absorbancy change Molar activity = oo : n 
per minute was determined by interpolation. Because under Vina 


the conditions of the assay the Vinax Was approximately 0.3 AA where S is expressed as molar concentration. Relative molar valu 
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Fie. 10. The dependence of the rate of the glutamate isomerase 
reaction on cobamide coenzyme concentration. A, the absorb- 
ancy change as a function of time with different concentrations of 
coenzyme preparation NB-2 (AC coenzyme). The number at the 
end of each curve indicates the volume in milliliters of a 7.2 X 10-6 
m coenzyme solution per ml of reaction mixture. The other con- 
ditions are given in the text. B, plots of V, O, and S/V, @, asa 
function of coenzyme concentration S. V is expressed in units 
of absorbancy change per minute and S in moles per liter X 10’. 
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TaBLeE VI 
Kinetic properties of cobamide coenzymes 
Relative 
Cobamide coenzyme Kn Vmax molar 
activity 
mM X 107 | AA/min. 
5,6-Dimethylbenzimidazolyl _(crystal- 
SS ee ne eae ee eee: 128.0 | 0.27 1.00 
2,6-Diaminopurinyl (DAP-2)............ 16.4 | 0.27 8.8 
RMR oss 5055 chessinrs.onsiar 8 900,55 12.4 | 0.29 | 10.0* 
5(6)-Nitrobenzimidazolyl (NB-1)........ 5.3 | 0.32 | 30.0 
5(6)-Aminobenzimidazolyl (AB-2)........| 4.6 | 0.39 | 41.0 
5(6)-Methylbenzimidazolyl (MB)........ 4.3 | 0.40 | 43.0 
5(6)-Trifluoromethylbenzimidazolyl 
NB ee eter onrieeti ged. deisletons 4.0 | 0.37 | 45.0 
Benzimidazolyl (crystalline)............. 2.3 | 0.36 | 85.0 











* Essentially the same value (+1) was obtained with authentic 
AC coenzyme (4) and with preparations TFB-2 and BT. 


activity was obtained by dividing the molar activity of a co- 
enzyme by that of the crystalline DBC coenzyme. The DBC 
coenzyme was chosen as the reference compound because it is 
the least active (lowest V max and highest K,,) of the various co- 
enzymes so far studied in the glutamate-6-methylaspartate 
isomerase system. Relative molar activity is a convenient quan- 
tity because it constitutes a single numerical index of relative 
coenzyme effectiveness at low concentrations. 

Table VI gives the Kn, Vmax, and relative molar activity 
values of the coenzyme preparations obtained from P. arabinosum 
and of the crystalline BC and DBC coenzymes (8). It should 
be noted that the K,, values were calculated on the assumption 
that the coenzyme in each preparation was free of impurities 
absorbing at the wave length used for the estimation of coenzyme 
concentration. The presence of impurities would cause a 
proportional increase in the apparent K,, but would have little 
effect on the Vax values. The relative molar activities largely 
reflect differences in the K,, values, inasmuch as the Vmax values 
do not differ greatly. 

In order to determine whether the observed differences in the 
Vmax Values are real, the two coenzymes with the most extreme 
values, 5-methylbenzimidazolylcobamide coenzyme and DBC 
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Fig. 11. Determination of Vmax values for the crystalline 5,6- 
dimethylbenzimidazolyleobamide (DMBC) and the 5-methylben- 
zimidazolyleobamide (MBC) coenzymes and for mixtures of the 
two. Solutions of the two coenzymes were mixed so that each 
mixture had a total concentration equal to 6.85 K, units per ml 
and each coenzyme was present in the indicated percentage of the 
total concentration expressed in Km units. V is expressed in 
units of absorbancy change per minute and S in milliliters of the 
pure or mixed coenzyme solutions. The Vmax for each mixture 
was calculated from the 1/V intercept. The graph on the right 
shows the relation between the Vinax values of the pure and mixed 
coenzymes and the percentage composition of the mixtures. 


coenzyme, were mixed in different proportions according to their 
respective K,, values in such a way that the total K,, of each 
mixture remained constant. The apparent Vmax values of each 
mixture were then determined with the results shown in Fig. 11. 
The figure shows that for mixtures of constant K,,, the apparent 
V max does indeed vary in a predictable way. This demonstrates 
that the two coenzymes have significantly different Vmax values. 
This experiment also indicates that the K,, values determined 
for the two coenzymes are quite accurate, inasmuch as the 
predicted apparent K,, value of the mixture was obtained in each 
case even though the K,, values of the two components differed 
by a factor of 30. 


DISCUSSION 


All of the coenzyme preparations obtained in this investigation 
had properties characteristic of the previously isolated cobamide 
coenzymes (3, 6). They had the same type of spectrum which, 
unlike the spectrum of the cobamide vitamins, lacks a prominent 
absorbancy peak in the 350 to 360 my region; they were decom- 
posed by alkaline cyanide with the liberation of approximately 
1 mole of adenine per mole of cobamide; and they were active in 
the glutamate-S8-methylaspartate isomerase system. 

Five of the coenzyme preparations listed in Table VII contained 
purine analogues. The four analogues present in preparations 
DAP-1, BT, NB-2, and TFB-2 contained adenine as the nucleo- 
tide base and were indistinguishable on the basis of their spectra 
and relative molar activities from the AC coenzyme previously 
isolated from C. tetanomorphum (6, 10). The formation of this 
coenzyme in good yield by bacteria exposed to other bases in- 
dicates that the AC coenzyme is the analogue normally syn- 
thesized by P. arabinosum in the corn steep-liquor medium. The 
formation and accumulation of this analogue is sometimes in- 
hibited by the addition of another heterocyclic base to the me- 
dium. Exposure of the bacteria to 5-methylbenzimidazole or to 
5-aminobenzimidazole appears to have completely suppressed 
the accumulation of the AC coenzyme. Exposure to 2,6- 
diaminopurine, 5-nitrobenzimidazole, or 4-trifluoromethyl-1 ,2- 








TaBLe VII 


Components of coenzyme preparations 


Nucleotide base isolated 





Coenzyme a —s — 
- DE ¢ i p— T= _ : 
preparation by CN 


Identity Yield 








moles/mole moles/mole 


i 2) 0.94 | adenine (?) 0.5 

(| at: Sa ae 0.85 | 2,6-diaminopurine 1.09 
_ ae 0.93 | adenine |} 0.99 
MN ace ssh Sens 0.88 | 5(6)-nitrobenzimidazole | 0.70 
NB-2 0.95 | adenine | 0.97 
AB-1. 0.87 | 5(6)-nitrobenzimidazole | 0.96 
AB-2 0.77 5(6)-aminobenzimidazole 0.31* 
MB. 0.97 5(6)-CH3-benzimidazole 0.97 
< * 1.03 5(6)-CF3-benzimidazole 0.50 
=). 1.21 adenine 1.00 





* Part of the base was lost. 


diaminobenzene only partially suppressed formation of the 
adenine analogue. Exposure to benzthiazole may have some- 
what decreased the yield of the AC coenzyme, but the benzthia- 
zole analogue apparently was not formed. 

Cells which had been grown in thé presence of 2,6-diamino- 
purine yielded a second active coenzyme (preparation DAP-2) 
which eluted from Dowex 50 at a considerably higher pH than 
that at which the AC coenzyme eluted. Preparation DAP-2 
was found to contain the base 2,6-diaminopurine in the nucleo- 
tide position. The base was isolated in good yield after mild 
acid hydrolysis and identified on the basis of its spectrophoto- 
metric, fluorometric, and chromatographic properties. 

Preparation NB-1, obtained from cells grown in the presence 
of 5-nitrobenzimidazole, eluted from Dowex 50 at a pH lower 
than that at which the AC coenzyme eluted. The nucleotide 
base of this coenzyme preparation was isolated after vigorous acid 
hydrolysis and identified as 5-nitrobenzimidazole by its ab- 
sorption and fluorescence spectra. Inasmuch as this coenzyme 
preparation eluted at a lower pH than did any other coenzyme, it 
is unlikely to be contaminated by other cobamide coenzymes. 

Cells which had been exposed to 4-trifluoromethyl-1 ,2- 
diaminobenzene contained, in addition to the normal AC co- 
enzyme, another active coenzyme (preparation TFB-1) which 
eluted from Dowex 50 at a lower pH. As first obtained by Do- 
wex 50 fractionation, this active peak was overlapped by a 
slower moving, colorless, ultraviolet-absorbing impurity, and 
the active peak was rechromatographed at a lower pH to resolve 
it from the impurity. The base recovered from this preparation 
after strong acid hydrolysis was contaminated with ultraviolet 
light-absorbing impurities (Fig. 8) but the spectrophotometric 
and fluorometric properties adequately identify the base as 5- 
trifluoromethylbenzimidazole. The recovery and identification 
of 5(6)-trifluoromethylbenzimidazolyleobamide coenzyme from 
cells which had been incubated in the presence of 4-trifluoro- 
methyl-1 ,2-diaminobenzene confirms previous reports (1) that 
P. arabinosum can convert diaminobenzene derivatives into the 
corresponding benzimidazole analogues. 

The bacteria exposed to 5-methylbenzimidazole yielded a single 
activity peak (preparation MB) which eluted from Dowex 50 
with 0.02 m sodium acetate, pH 6.0. Refractionation of the 
active peak on a second Dowex 50 column with elution at pH 5.5 
failed to separate another component. This preparation evi- 
dently contained a single cobamide coenzyme. The nucleotide 
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base was isolated in good yield after strong acid hydrolysis and 
identified as 5-methylbenzimidazole by its absorption and 
fluorescence spectra. 

Preparation AB-1, obtained from cells which had been grown 
in the presence of 5-aminobenzimidazole, was found to contain g 
coenzyme identical in all respects with preparation NB-1 (5(6). 
nitrobenzimidazolyleobamide coenzyme). The isolated nucleo- 
tide base had the spectrophotometric and fluorometric properties 
of 5-nitrobenzimidazole. There is no obvious explanation for 
the occurrence of the nitrobenzimidazole analogue in cells that 
had been grown with aminobenzimidazole. It is possible that 
the sample of aminobenzimidazole which was added to the culture 
contained some of the nitro derivative; however, the sample is no 
longer available for analysis. The other possibility is that P, 
arabinosum possesses the ability to oxidize the amino group to the 
nitro group. 

Preparation AB-2 was found to contain 5-aminobenzimidazo- 
lyleobamide coenzyme. Fig. 9 shows that the isolated nucleotide 
base was contaminated with ultraviolet light-absorbing impuri- 
ties. However, the spectrophotometric and fluorometric prop- 
erties adequately establish the identity of the base with 5-amino- 
benzimidazole. 

In addition to the cobamide coenzymes, small amounts of 
aquocobamides were present in all of the bacterial extracts, 
These compounds, which have a positive charge in neutral solu- 
tion, remain on a Dowex 50 column as a red band after the 
coenzymes have been removed. They can be readily eluted with 
a solution containing ammoniacal 0.05 m sodium acetate and can 
be recognized by the red color, the characteristic spectrum with a 
prominent absorbancy maximum near 350 muy, and the absence of 
coenzyme activity. In the extract derived from the cells treated 
with 5-methylbenzimidazole, the aquocobamide fraction, after 
conversion to the cyano form and vigorous acid hydrolysis, 
yielded 0.77 mole of 5-methylbenzimidazole per mole of cobamide. 
The base, after isolation, was identified by its absorption (Fig. 7) 
and fluorescence spectra. The origin of this and other aquo- 
cobamides is somewhat uncertain. They probably were formed 
in part by the photochemical decomposition of the corresponding 
coenzyme either within the bacterial cells or during the isolation 
procedure. However, they may also be normal components of 
the bacteria. 

The nature of the nucleotide base has a marked influence on the 
physical and chemical properties of the cobamide coenzymes. 
Analogues which contain a purine in the nucleotide are orange, 
react rapidly with cyanide, and release the nucleotide purine 
under mild conditions of acid hydrolysis. The benzimidazole 
analogues are red, react slowly with cyanide, and require drastic 
acid hydrolysis for liberation of the nucleotide base. In general, 
the purine analogues are slightly more basic than the benzimid- 
azole analogues. However, the presence of an amino sub- 
stituent on the benzimidazole gives this analogue the same charge 
properties as the purine analogues. Thus, it was observed that 
the purine analogues and the 5-aminobenzimidazole analogue 
eluted from Dowex 50 at pH 6.0 to 9.0, whereas all other ben- 
zimidazole analogues eluted at pH 5.2 to 5.7 (Table I). More- 
over, the cyano derivatives of the purine analogues and of the 
5-aminobenzimidazole analogue were positively charged at pH 3.0 
and were retained by Dowex 50 (Fig. 4A), whereas the other 
benzimidazolyleyanocobamides were uncharged and were not 
retained by Dowex 50 at pH 3.0 (Fig. 4B). 

The BC coenzyme analogues have a broad absorbancy peak 
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with a maximum near 520 my (Fig. 2), whereas the purinyl- 
eobamide coenzymes have an absorbancy maximum near 460 my. 
The absorption spectra of the purinyleobamide coenzymes are 
almost identical above 300 my with the spectrum of the yellow 
product of mild acid hydrolysis of the AC coenzyme, which is 
known to lack a nucleotide base (11). The BC coenzymes ac- 
quire the same absorption properties when the pH of the medium 
is lowered to below 3.5 (12). This evidence suggests that in 
purinyleobamide coenzymes, the nucleotide base is not co- 
ordinated with cobalt, whereas in BC coenzymes in neutral solu- 
tion the nucleotide base is coordinated with cobalt. 

The purinyleobamide coenzymes are completely decomposed 
by alkaline cyanide in less than 5 minutes (Fig. 3). The BC co- 
enzymes are more resistant to cyanide degradation; the 5-amino- 
benzimidazole analogue reacts at an intermediate rate and is 
completely decomposed in 20 minutes, whereas all other ben- 
imidazole coenzyme analogues require an hour for complete 
degradation. The facility with which the purine coenzyme 
analogues take up 2 cyanide ions is probably a direct reflection of 
the absence of coordination between the nucleotide purine and 
the cobalt atom. The intermediate stability of the amino- 
benzimidazole analogue suggests that this base is less firmly co- 
ordinated with the cobalt atom than are the other benzimidazole 
bases. 

Acid hydrolysis of the cyanocobamide analogues revealed that 
the purine nucleoside bond is much more susceptible to acid 
cleavage than the benzimidazole nucleoside bond. The purine 
bases were completely liberated after 1 hour in 0.1 N HCl at 100°, 
whereas the benzimidazole bases were liberated only after 20 
hours in 6 N HCl at 150°. These observations are in agreement 
with the known properties of nucleoside linkages (13). The 
aminobenzimidazole cyanocobamide showed unusual behavior on 
acid hydrolysis. After mild acid treatment it showed the same 
spectral changes as the purine analogues; however, the free base 
was liberated only by strong acid hydrolysis. This unusual 
behavior must reflect peculiar properties of the amino-substituted 
benzimidazole nucleoside. 

The 2,6-diaminopurine coenzyme analogue is unusual in that 
the product of cyanide treatment retains the spectrum of a 
dicyanocobamide after adjustment to pH 3. Normally a mono- 
cyanocobamide is formed under these conditions, because the 
nucleotide base displaces the second cyanide group. 

The nature of the nucleotide base has a pronounced effect on 
the kinetic properties of the coenzymes. The molar activities 
of the analogues vary over an 85-fold range. The K,, values are 
roughly inversely proportional to the molar activities. In 
general, the purine-containing coenzyme analogues have a 
considerably lower activity than the benzimidazole analogues; 
both purine analogues have approximately the same activity. 
In the benzimidazole series the unsubstituted analogue has the 
highest molar activity and lowest K,, value of all available co- 
enzyme analogues. The presenceof a single substituent (methyl, 
trifluoromethyl, amino, or nitro) reduces the molar activity by 
approximately 50%. ‘The presence of two substituents, as in 
5,6-dimethylbenzimidazole, lowers the activity to approximately 
1.2% of that of the unsubstituted analogue. 
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The Vmax values of the coenzymes do not differ greatly and in 
some cases do not agree precisely with the relative values pre- 
viously reported (3). Nevertheless the approximately 1.5-fold 
difference between the Vinax values for the analogues containing 
5-methylbenzimidazole and 5,6-dimethylbenzimidazole appears 
to be significant. 


SUMMARY 


Five new cobamide coenzyme analogues, containing 2,6- 
diaminopurine, 5-methylbenzimidazole, 5-trifluorobenzimidazole, 
5-aminobenzimidazole, or 5-nitrobenzimidazole in the nucleotide 
moiety, were isolated from cells of Propionibacterium arabinosum 
which had been exposed to the appropriate heterocyclic base. 
Some batches of cells contained considerable amounts of two 
cobamide coenzyme analogues, one of which was usually the 
adeninyleobamide coenzyme. The chemical and physical prop- 
erties of the new coenzyme analogues are similar to those of the 
previously described cobamide coenzymes. Each analogue 
contains an adenine moiety that is released by exposure of the 
coenzyme to alkaline cyanide. The new coenzyme analogues are 
active in the glutamate-G-methylaspartate isomerase system of 
Clostridium tetanomorphum. The Kn and Vmax values of the 
cobamide coenzyme analogues have been determined in this 
system. 
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In previous papers (1, 2) the solubilization and purification of 
p(—)-lactic cytochrome c reductase! are described. The enzyme 
is a flavoprotein with high acceptor specificity for cytochrome c. 
The apparent Michaelis constant for cytochrome c is increased 
with increasing concentration of the sodium phosphate buffer (1), 
and the apparent Michaelis constant for p-lactate is strongly 
increased by oxalate and oxaloacetate (2). Thus, we were pre- 
sented with the problem of finding a possible reaction mechanism 
for the enzyme and of explaining how various compounds affect 
the reaction. 


EXPERIMENTAL PROCEDURE 


Baker’s yeast was homogenized as described previously (2); 
the precipitate obtained at 140,000 x g was suspended in water 
and used as a source for the particulate enzyme. 

The soluble enzyme obtained in the heat-treated suspension (2) 
was purified with diethylaminoethyl cellulose. The specific 
activity of the resulting preparations was approximately 100; 
these preparations had the advantage of being more stable than 
the most purified samples of the enzyme; freshly prepared enzyme 
was used. Salts were removed by dialysis for 2 hours against 
10~ om Versenate, pH 6. 

Glyoxalate (crystalline hydrate) was obtained from Light & 
Company, Ltd. Traces of oxalate were removed with CaCl, pH 
6. Under the conditions used (3), the concentration of oxalate 
remaining in solution should not exceed 1 part in 10° parts of 
glyoxalate. Mesoxalate (crystalline, m.p. 120°) was purchased 
from Mann Research Laboratories. Oxaloacetate was obtained 
from California Corporation for Biochemical Research. Other 
materials were the same as those used in previous experiments 
(1, 2). 

The assays were carried out in 2 ml of sodium phosphate 
buffers, pH 6.8, which contained 0.001 m Versene. 

Reaction rates were determined in Beckman model DU 
spectrophotometer, with provision for temperature regulation; 
the temperature was kept at 23°. One unit of the enzyme was 
defined as the amount required to reduce 1 umole of cytochrome 
c per hour; the specific activity was expressed as units per mg of 
protein. 


1 The abbreviations used are: Sign for optical rotation of p(—)- 
lactate is generally omitted. Kinetic symbols follow usual con- 
ventions, such as: v, velocity; Vmax*®®, apparent maximal velocity, 
e.g. at infinite concentration of one of the substrates: K,*??, ap- 
parent Michaelis constant, as obtained from double reciprocal 
plots. S, P, substrate and product, respectively; Fe’, Fe, 
oxidized and reduced form of acceptor, respectively; EZ, EH, oxi- 
dized and reduced form of the enzyme, respectively. 


RESULTS 


The rate of the reaction was constant for several minutes in the 
presence of excess of p-lactate and cytochrome c; thus, the prod- 
ucts of the reaction did not inhibit, and the enzyme was stable 
during the assay procedure. The reaction proceeded to com- 
pletion; no reduction was obtained unless p-lactate was added (2). 
The rate of the reaction was directly proportional to the enzyme 
concentration in phosphate buffer T'/2 0.01 as well as 0.1, and 
accurate values were readily obtained at relatively high concen- 
trations of p-lactate and cytochrome c (Fig. 1). At low concen- 
trations of the reactants (5 X 10-* m), the average of several 
observations, which differed as much as 20%, were recorded. 

The results obtained in the previous papers (1, 2), suggested 
that phosphate buffers of '/2 0.01, 0.05, and 0.1 might be ap- 
propriate for kinetic investigations. The pH activity curve 
was nearly the same at I'/2 0.01 and 0.1 (2); pH. 6.8, rather than 
pH7.1 (1, 2) was used for extensive investigation, since inhibition 
due to excess of p-lactate (5 X 107° M) was observed at the 

latter pH. 

Initial reaction rates were determined at three different cyto- 
chrome c concentrations, each with a series of p-lactate concen- 
trations. In plots of 1/V against 1/p-lactate at three concentra- 
tions of cytochrome c, or 1/V against 1/cytochrome c at various 
concentrations of p-lactate, systems of straight and parallel lines 
appeared. Results obtained with the soluble and particulate 
enzyme are shown in Figs. 2 and 8, respectively. 

Since the reciprocal rate is linearly related to the inverse 
substrate or acceptor concentration, the data agree with the 
general two-substrate equations of Alberty (4) and Dalziel (5). 
Dalziel’s equation 


E/v = $0 + o:1/S + $2/Fe-* + ¢12/S-Fe- (1) 


was used; here, S and Fe’*: are the initial concentration of p-lac- 
tate (measured in equivalents) and cytochrome c, respectively, 
and E is the concentration of the enzyme. 

Furthermore, since systems of parallel lines are obtained in 
double reciprocal plots of rate against p-lactate or cytochrome ¢, 
doy. = 0, and the rate equation may be written 

E/v = ¢0 + 1/8 + ¢2/Fe* (2) 

The three parameters, $0, $1, and ¢2, can be determined from 
Figs. 2 and 3 in the following manner. At infinite concentration 
of p-lactate E/v = oo + o2/Fe, and ¢o and @» are obtained 
from intercept and slope of the line 1/Vmax*»” against 1/cyto- 
chrome c in Figs. 2B and 3B. @, is subsequently obtained 
di 


from K,,*»? (for p-lactate) = ———————- .. 
do + $2/Fe- 
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Fic. 1. Reaction rate as a function of enzyme concentration, 
@—@, sodium phosphate, » 0.01, pH 6.8; O——O, sodium phos- 
phate, 20.1, pH6.8. pv-Lactate,5 X 10-*M, and ferricytochrome c, 
5 X 10-5 , total volume 2.0 ml. 


The enzyme concentration is computed from the turnover 
number obtained for the purest preparations (2). A turnover 
number of 6000 min- (moles of cytochrome c reduced per 
equivalent of FAD) has been recorded in phosphate buffer I'/2 
0.01, pH 6.8, with 5 x 10~* m p-lactate and 5 X 10-* M cyto- 
chrome c. For comparison, the particulate enzyme is taken to 
have the same turnover number as the soluble one under these 
conditions. 

The parameters obtained with a fair degree of accuracy are 
shown in Table I. It is apparent that $2 increases strongly with 
the sodium phosphate concentration, whereas ¢o and ¢; are 
little, if at all, affected by variations in the buffer concentration. 

The experiments recorded in Figs. 2B and 3B show that sodium 
phosphate “competes” with cytochrome c for the enzyme. A 
similar effect was obtained with other salts; the inhibition de- 
pended upon the ionic strength and the cation involved. Mg*+ 
and Ca++ gave greater effects than monovalent cations. Some 
of the results obtained are shown in Fig. 4. Enzyme prepara- 
tions with a specific activity of 1200 were as sensitive to salts as 
the less pure preparations used in this study. 

Another type of inhibition was observed with glyoxalate, 
oxaloacetate, a-ketoglutarate, and pyruvate; these compounds 
competed with p-lactate for the enzyme. Competitive inhibition 
was obtained at low as well as high concentrations of cytochrome, 
at T'/2 0.01 as wellas 0.1. The results shown in Fig. 5 indicate 
that the enzyme conforms to the same rate equation in the 
presence of these compounds, and that ¢; is strongly increased, 
whereas oo and @2 are unchanged; the effect is stronger at I'/2 
0.01 than at I'/2 0.1 (Table II). 

Oxalate, which is a competitive inhibitor in an assay system 
containing 5 X 10-5 m cytochrome c (Fig. 5), is not inhibiting in a 
completely competitive manner at lower concentrations of cyto- 
chrome c, thus suggesting that this compound inhibits both ¢; 
and 2, but has no effect on ¢@o. Mesoxalate is a weaker inhibitor 
than oxalate, and it does not compete with p-lactate under any 
condition tested. 

Formate and malonate were inactive, when tested in millimolar 
concentrations. 
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Fic. 2. Dependence of reaction rate of soluble enzyme on p-lac- 
tate and ferricytochrome ¢ concentration, in sodium phosphate 
T/20.01,0.05,and0.1. A. Lines 1 to 3, 1/20.04; the concentration 
of cytochrome c was 4.9, 1.68, and 0.92 X 10-5 m, respectively. 
Lines 4 to 5, T/2 0.1; the concentration of cytochrome c was 7, 
3.5, and 0.70 X 10-5 m, respectively. Lines 1 to 6 refer to left hand 
scale, Line 6 to right hand scale. B. O——O, apparent maximal 
velocities, partially obtained from Fig. 2A. @——®@, apparent 
Michaelis constants, partially obtained from Fig. 2A. Lines 1 to 
2,T/20.01; Lines 3 to 4, P/2 0.05; Lines 6 to 6,©/20.1. Abbrevia- 
tion used is cyt c, cytochrome c. , 


DISCUSSION 


The rate law expressed in Equation 1 covers a number of 
reactions of the enzyme two substrate type, which have been 
devised by Alberty (4) and Dalziel (5). Among these, only one 
mechanism fulfils the criterion of di. = 0, d1, $2 + 0; in this 
mechanism the enzyme is first reduced by the substrate to form 
the product, and the reduced enzyme is subsequently oxidized by 
the acceptor (4-6).2. To have @o + 0, one or two binary com- 


2 Dr. R. A. Alberty, personal communication. 
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Fie. 3. Dependence of reaction rate of particulate enzyme o 
p-lactate and ferricytochrome c concentrations in sodium phos- 
phate, I'/2 0.01, 0.05, and 0.1. A. Lines 1 to 3, 1/2 0.05; the con- 
centration of cytochrome c was 7, 3.5, and 0.70 X 107-5 m, respec- 
tively. Lines 4 to 6, P/2 0.1; the concentration of cytochrome c 
was 5, 2.5, and 0.50 X 10-5 Mm, respectively. Lines 1 to 6 refer to 
left hand scale, Line 6 to right hand scale. B. OQ----- O, inverse 
apparent maximal velocities, partially obtained from Fig. 3A. 
@——@, inverse apparent Michaelis constants for p-lactate, par- 
tially obtained from Fig. 3A, Line 1, 1/2 0.01; Lines 2 to 3, 1/2 
0.05; Lines 4 to §,T/20.1. : 


plexes must be included in the scheme. The mechanism with two 
binary complexes (A2) may be expressed as follows: 


E+8 — E-§ —*. FH +P (As) 


Fy k’ 
EH + Fe: ~ EH-Fe--- ——*— E + Fe~ + Ht 


in which S and P are the concentrations of p-lactate and pyruvate 
respectively, expressed in equivalents/1.* Initial steady state 
treatment of this mechanism gives the expressions for @o, ¢1, and 
¢: shown in Table I. Omitting the second binary complex 
(EH -Fe---) and denoting the rate constant for the second step 
k’, one obtains the expressions for $0, $1, and 2 in mechanism 


3 It is assumed that the enzyme does not distinguish between 
the two hydrogens in p-lactate. 
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TABLE I 
Kinetic coefficients in soluble and particulate p(—)-lactic 
cytochrome c reductase system® at various ionic 
strengths of buffer 





Kinetic coefficients 


























> $1 > 
ks + ke k's + k’2 
4 1/ks + 1/k’s ee Baki 
b ks+k , 
1 /pic 
fi Wk ka-ki - 
Ionic strength of | Soluble Partic- Soluble —| Soluble a 
sodium phosphate | enzyme enzyme enzyme | enzyme enzyme cuyume 
x 104 x 109 | x 109 
0.01 1.6 1.64 14 0.5-0.7 
0.05 16/16 | 13 | 48 | 4.0 2.8 


0.10 | 16 | 68 28 40 





* Both the soluble and the particulate enzyme conform to the 
rate equation 


E/v = go + 1/8 + $2/Fe 


in which S = p-lactate (measured in equivalents/1), and Fe 
ferricytochrome c. (The stoichiometry of the reaction requires 
that 1 equivalent of p-lactate is oxidized for each mole of cyto- 
chrome c reduced.) 

> As represents postulated reaction mechanism with two binary 
complexes. Ai represents postulated reaction mechanism with 
one binary complex, the EH- ferricytochrome c complex being 
kinetically insignificant. 

¢ k’ is obtained in equivalents“, 1, min 

4 Assumed coefficient for the particulate enzyme. 
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Fic. 4. Effect of various salts on reaction rate of soluble enzyme 
at different concentrations of cytochrome c. All experiments were 
carried out in sodium phosphate I'/2 0.01, pH 6.8, with 5 X 10m 
p-lactate added. A----A, buffer alone; @----@, MgSO,, r'/2 
0.025; ™+---f, sodium phosphate, or NaCl, or Na2SO,, P'/2 0.05; 
x---X , MgSO,, '/2 0.035; O----O, sodium phosphate, or NaCl, 
or Na2SO,, 1/2 0.075; O---O, MgSO,, I'/2 0.05. 
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Fic. 5. Effect of various a-ketocarboxylic acids on reaction 
rate of soluble enzyme at different concentrations of pD-lactate. 
A. In sodium phosphate, ['/2 0.01, with 4.2 X 10-5 m ferricyto- 
chromec. X——X,1 X 107° a-ketoglutarate; 0——D,1 X 107° 
M pyruvate, or 5 X 10-* m oxalate; O——O, 4 X 10-‘M glyoxalate; 
A—A, 4 X 10-* mM oxaloacetate; @——@, no acid added. Nearly 
identical results were obtained with 8 X 10-* m cytochrome c, ex- 
cept for oxalate inhibition. B. In sodium phosphate, [/2 0.1. 
@—@, 42 X 10-> m cytochrome c; X——X, 4.2 X 10-5 m cyto- 
chrome c, and the same a-ketocarboxylic acids added in the same 
concentrations as in Fig.5A. The experimental points were the 
same with all inhibitors, within the experimental error. O——O, 
8 X 10-§ m cytochrome c; 7——O, 8 X 10-* m cytochrome c, and 
the same a-ketocarboxylic acids added, in the same concentra- 
tions, as in Fig. 5A, except for oxalate, which was not included. 
The experimental points were the same with all inhibitors, within 
the experimental error. 


(A;) shown in Table I. It is seen that $,, which is increased by 
a-ketocarboxylic acids and unaffected by the ionic strength of the 
buffer, includes constants involved in the reaction of the oxidized 
form of the enzyme with p-lactate, whereas 2, which is strongly 
dependent upon the salt concentration and not affected by a- 
ketocarboxylic acids, includes constants involved in the reaction 
between the reduced form of the enzyme and ferricytochrome c 
(Step 2). For mechanism (A,) the increase of $, expresses 
an increase of the dissociation constant of the binary complex, 
E-p-lactate; for this mechanism $9 = 1/k3 and ¢2 = 1/k’. 

The fact that pyruvate, when added in millimolar concentra- 


A. P. Nygaard 
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TABLE II 


Effect of ketocarboxrylic acids on rate of reaction of soluble 
D(—)-lactic cytochrome c reductase in sodium phosphate of 
T'/2 0.01 and 0.1 











| os 
Substance added Concentration | 
| T/2 0.01 | T/2 0.1 
X 10% | X 10° 

[a ae ee eae REE Rave fot” 14 | 16 
a-Ketoglutarate........ creat 10 | 33 25 
PMN ere BOs ies ede | 10 | 67 | 25 . 
MEN 65 cre: grere c otraie pleinte + 70 | 2 
a | 4 | 135 | 25 





« The enzyme conforms to the rate equation 
E/v = 0 + ¢:/pD-lactate + ¢2/ferricytochrome c 


¢o and ¢2 are unaffected by the a-ketocarboxylic acids mentioned 
in the table; ¢2 is increased by sodium phosphate (see Table I) 


tion, decreases the rate of the essentially irreversible reaction, 
may be due to the reversal of Step 1; this appears to be thermo- 
dynamically possible. Glyoxalate and oxaloacetate may not act 
in the same manner, since the corresponding hydroxy compounds 
are not substrates for the over-all reaction; nevertheless, glyoxa- 
late and oxaloacetate appear to combine specifically and reversibly 
at the substrate site. Oxalate and mesoxalate may affect both 
substrate and acceptor site. 

The fact that divalent cations inhibit more strongly than mono- 
valent ones suggests that salts interact with negatively charged 
groups of the enzyme, and thus decrease both the reaction rate 
with cytochrome c, and the interaction of a-ketocarboxylic acids 
with the substrate site. Inasmuch as ¢; is unaffected by the 
phosphate concentration in the absence of a-ketocarboxylic acids, 
it is suggested that the interaction of the protein with the a- 
carbony] group is sensitive to salts. 


SUMMARY 


Particulate and soluble p( —)-lactic cytochrome c reductase, as 
measured in the steady state, show kinetic behavior which agrees 
with the rate equation 


E/v = do + ¢:/D-lactate + ¢2/ferricytochrome c 


oo, $1, and @» are determined in sodium phosphate I'/2 0.01, 
0.05, and 0.1; @2 increases strongly with the ionic strength of the 
buffer, whereas $o and ¢, are nearly unaffected. A number of 
salts have a similar effect. The inhibition depends upon the 
ionic strength and the cation; divalent cations inhibit more 
strongly than monovalent ones. 

¢; is increased by millimolar concentrations of glyoxylate, 
oxaloacetate, pyruvate, and a-ketoglutarate, whereas ¢o and ¢2 
are unaffected; the effect on ¢; is less in phosphate buffer of 0.1 
than of 0.01 ionic strength. 

¢; and ¢2 are increased by micromolar concentrations of oxalate, 
whereas ¢o is unaffected. 

In a reaction mechanism, which agrees with the rate equation, 
the flavin enzyme is reduced by p-lactate, and subsequently 
reoxidized by the acceptor; the rate equation requires that one or 
two binary complexes are formed. If only one of the binary 
complexes is kinetically significant, the rate constants of two 
individual steps can be determined. 
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A number of other mechanisms, devised for two-substrate re- 
actions, can be excluded. 

The interaction of a-ketocarboxylic acids and cations at the 
substrate and the acceptor site is discussed. 


Acknowledgment—The author is indebted to the Norwegian 
Research Council for Science and Humanities for financial sup- 
port. 
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Extensive studies in this and other laboratories have demon- 
strated the occurrence of pyridine nucleotide transhydrogenase 
activity in a variety of animal mitochondria (1-6), bacterial 
extracts (7), mitochondrial particles (8-10), and plant tissues 
(11). With the introduction of the pyridine nucleotide analogues 
(5) the study of the true transhydrogenase reaction was greatly 
facilitated. ‘This reaction, given in Equations 1 and 1a, will be 
referred to as the TD-transhydrogenase. 


TPNH + DPN = TPN + DPNH (1) 
TPNH + 3-acetylpyridine-*DPN = 


(la) 
TPN + 3-acetylpyridine-*DPNH 


In addition, the homologous transhydrogenase or pyridine nu- 
cleotide exchange reaction, Equations 2 and 2a, will be referred 
to as the DD-transhydrogenase reaction. 


DPNH + DPN = DPN + DPNH (2) 


DPNH + 3-acetylpyridine-*DPN = . 
DPN + 3-acetylpyridine--DPNH 

In view of the probable fundamental role of these enzymes in 
the oxidation of reduced pyridine nucleotides, particularly re- 
duced triphosphopyridine nucleotide, and the current controver- 
sial views concerning the nature of their importance (12) and 
mechanism of action (13, 14), it was of importance to examine 
the purification and properties of these enzymes in detail. In 
this investigation, the isolation and properties of an enzyme 
complex with high transhydrogenase activity from beef heart 
mitochondria will be described. In addition, information will 
be presented on the relationship between the transhydrogenase 
reactions and the enzymes associated with the terminal electron 
transport system of heart mitochondria. 


EXPERIMENTAL PROCEDURE 


Cofactors and Other Substances—The 3-acetylpyridine analogue 
of DPN was prepared according to the method of Kaplan and 
Ciotti (15). The thionicotinamide analogue of DPN was pre- 


* Publication No. 104 of the Graduate Department of Bio- 
chemistry, Brandeis University. Supported in part by grants 
from the American Cancer Society (P 77), the National Institutes 
of Health (CY-3611), the National Science Foundation (G-4512), 
and the American Heart Association. 

} Present address, National Institute of Arthritis and Meta- 


bolic Diseases, National Institutes of Health, Bethesda 14, 
Maryland. 


pared according to the method of Anderson e¢ al. (16). The 
other DPN analogues utilized in these studies were prepared by 
the general procedures described by Kaplan and Stolzenbach 
(17). Other materials were obtained from the following sources: 
TPNH of 90% purity, DPNH of 90 to 95% purity, horse heart 
cytochrome c, and p-chloromercuribenzoate from the Sigma 
Chemical Company; DPN, TPN, the deamino 3-acetylpyridine 
and deamino pyridine-3-aldehyde analogues of DPN from the 
Pabst Laboratories; dichlorophenolindophenol from Eastman 
Organic Chemicals; Amytal from Eli Lilly and Company; re- 
duced glutathione from General Biochemcials, Inc.; 2 ,3-dimer- 
captopropanol from California Corporation for Biochemical 
Research; antimycin A from the Wisconsin Alumni Research 
Foundation; digitonin from Merck and Company; and snake 
venoms from Ross Allen’s Reptile Institute. pi-Lipoamide was 
a gift of Dr. Lester Reed. 

Assay Procedures—All assays were carried out at room tem- 
perature in either a Beckman model DU spectrophotometer or a 
Zeiss PMQ II spectrophotometer with 1 ml cells of 1-cm light 
path. The unit of enzyme activity in each case is defined as 1 
umole of 3-acetylpyridine-*DPN, dichlorophenolindophenol, 
cytochrome c, DPN, or TPN oxidized or reduced per minute. 
The specific activity is given in units per mg of protein. 

Transhydrogenase—The purification and activity of the beef 
heart enzymes were followed by the assay procedures of Stein, 
Ciotti, and Kaplan (5). The reaction mixture of a 1-ml final 
volume was composed of 100 wmoles of potassium phosphate 
buffer, 0.3 umole of reduced pyridine nucleotide, 0.6 umole of 
3-acetylpyridine-*DPN, and 1 wmole of KCN. For the TD- 
transhydrogenase, TPNH was used and the reaction mixture was 
buffered at pH 6.5; for DD-transhydrogenase, DPNH was used 
and the reaction mixture buffered at pH 7.5. The enzyme was 
diluted with 0.05 m potassium phosphate buffer (pH 7) contain- 
ing 0.001 m EDTA,}! so that addition to the reaction mixture 
gave an increase in absorbancy of 0.02 to 0.10 per minute. The 
reaction was started with the DPN analogue acceptor and 
followed at 375 my. The millimolar extinction coefficient at 
375 my is taken as 5.1. Corrections for endogenous oxidation of 
the reduced pyridine nucleotides were usually unnecessary. 

Diaphorase—The reaction mixture (final volume, 1 ml) was 
composed of 100 umoles of potassium phosphate buffer, pH 7.5, 
sufficient dichlorophenolindophenol to give an optical density of 
1.2 at 600 mu, and 0.13 umole of DPNH or TPNH. The re- 


1 The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 
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TABLE [ 








Purification of transhydrogenase from beef heart mitochondria 





Fraction No. 


Total protein ~~ 





TD-transhydrogenase DD-transhydrogenase 

















Total units is | Bi Total units aia ons 
| mg % | | a 
1. Digitonin-treated mitochondria......................... | 19,280 1,480 0.08 S230 | OI 
2. Mapeornatant, W000 XH G........ 6 ose cswncscccle eves 6,450 588 0.09 | 40 1565 0.24 | 48 
3. Ethanol precipitate, 25% pian ectats taco vaniavaciows, biadchioet | 4,100 475 0.12 | 32 1425 0.35 | 44 
4. Combined 1 m (NH4)2SO,q, pH 8, gel eluates............. 1,120 46 0.04 3 540 0.49 | WW 
4a. Combined 40% (NH,)2SO,4, pH 4.6, gel eluates.......... | 328 298 0.91 | 20 622 1.90 19 
5. (NH4,4)2SO, precipitate (80%) from Fraction 4a.......... | 195 220 1.13 | 15 500 2.56 | 15 





duction of the dye was followed at 600 my. Mercaptoethanol 
must be removed from the enzyme by dialysis before the diaph- 
orase assay is carried out. 

Cytochrome c Reductases—DPN and TPN cytochrome c re- 
ductase was determined by the method of Lehman and Nason 
(18) modified for a final volume of 1 ml. The reaction mixture 
consisted of 100 uwmoles of potassium phosphate buffer, pH 7.5, 
1 umole of KCN, 0.1 ml of 2% aqueous cytochrome c, and 1 
pmole of the appropriate reduced pyridine nucleotide. The 
reduction of cytochrome c was followed at 550 my. 

DPNH and TPNH Ozxidases—The reaction mixture (final 
volume, 1 ml) consisted of 100 uwmoles of phosphate buffer, pH 
7.5, and 0.2 umole of DPNH (or TPNH), with or without the 
addition of 0.04 ml of 2% aqueous solution of cytochrome c. 
The disappearance of DPNH or TPNH was measured at 340 
mu. 

Lipoic Dehydrogenase—The oxidation of DPNH by lipoamide 
was determined in a reaction mixture which consisted of 100 
umoles of phosphate buffer, pH 7.5, 0.2 umole of DPNH, and 1 
umole of p1i-lipoamide in a final volume of 1 ml. 

Protein Determinations—Protein was estimated either by the 
biuret method (19), by the method of Lowry et al. (20), or by 
spectrophotometric measurement at 260 and 280 my (21). 


RESULTS 


Purification of Enzymes—All steps in the purification proce- 
dure, outlined in Table I, were carried out at 0 to 5°. 

Beef hearts obtained from freshly killed animals were quar- 
tered, trimmed, and passed through an electric meat grinder. 
Ground heart muscle (800 g) was homogenized for 3 minutes in 
a large Waring Blendor with 2400 ml of cold 0.25 m sucrose con- 
taining 0.01 m K:HPO,, pH 8.6, and 0.005 m EDTA. The 
homogenate was adjusted to pH 8.5 with 6 Nn KOH and immedi- 
ately centrifuged for 10 minutes at 1000 x g in the bucket head 
of an International centrifuge. The supernatant suspension was 
carefully decanted through cheesecloth and diluted with 5 liters 
of 0.9% KCl containing 0.005 m EDTA, pH 7.6. The mitochon- 
dria were sedimented by passing the suspension through a Shar- 
ples continuous flow centrifuge at 300 to 350 ml per minute 
(55,000 r.p.m.). The mitochondrial paste was resuspended by 
brief homogenization in 5 volumes of 0.25 m sucrose containing 
0.01 m KH2PO,, pH 7, and 0.005 m EDTA, and was stored over- 
night at 0°. 

All reagents used in the subsequent purification of the enzymes 
were made up in glass-distilled or deionized water and routinely 
contained 5 X 10-*m EDTA and 1 X 10-* m mercaptoethanol, 


except for elution of CaPO, gel when the EDTA was omitted, 
Ammonium sulfate was recrystallized from a weakly basic solu- 
tion of 0.05 m EDTA. 

The mitochondria were resedimented by centrifugation at 
maximal speed in a Serval centrifuge and resuspended in 2 vol- 
umes of 0.05 m potassium phosphate buffer, pH 7. A chilled 
solution of digitonin, prepared by heating in a boiling water 
bath a suspension of digitonin in 0.05 m potassium phosphate, 
pH 7, was added to the mitochondrial suspension. The final 
concentration of digitonin added to the mitochondria was 2 mg 
per mg of mitochondrial protein. After incubation in an ice 
bath for 2 hours with occasional stirring, the suspension was 
centrifuged for 1 hour at 30,000 r.p.m. in the No. 30 head of the 
Spinco centrifuge and the gelatinous residue discarded. 

Absolute ethanol, prechilled to —70°, was added dropwise 
to the digitonin extract while the temperature was maintained 
just above the freezing point. At a 25% ethanol concentration 
and a solution temperature of —12°, the resulting precipitate 

“was immediately centrifuged at maximal speed in a Serval 
centrifuge maintained at —15 to —20°. The sticky, gelatinous, 
red precipitate was redissolved in 0.05 m potassium phosphate 
buffer, pH 7. 

The deep red solution was treated serially with small portions 
of calcium phosphate gel (22), approximately 0.1 mg of gel per 
mg of protein. After discarding the first two gels, the remain- 
ing gels, which had removed over 90% of the transhydrogenase 
activity, were pooled and exhaustively washed (five times) with 
about 30-ml portions of 0.1 M potassium phosphate buffer, pH 8, 
containing 1 M ammonium sulfate. A large amount of colored 
material, protein, and about 10% of the TD-transhydrogenase 
activity were removed in this manner (Fraction 4). The trans- 
hydrogenase activity was eluted by resuspending the gel in 20 
ml of 40% saturated ammonium sulfate dissolved in 0.1 M ace- 
tate buffer, pH 4.6. After standing for 1 hour with occasional 
stirring, the gel suspension was centrifuged and the eluate re- 
covered. Usually two elutions were necessary to recover all the 
transhydrogenase activity (Fraction 4a). 

Solid ammonium sulfate was added very slowly to the clear 
yellow supernatant solution (Fraction 4a) to approximately 80% 
saturation. After standing for 30 minutes the suspension was 
centrifuged and the colorless supernatant solution was discarded. 
The brownish precipitate was resuspended in 0.05 m potassium 
phosphate buffer, pH 7. The pale yellow solution was dialyzed 
for 5 hours against 10 volumes of the resuspending buffer and 
frozen (Fraction 5). 

Fraction 5 contained the highest specific activity of both 
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transhydrogenase enzymes, usually representing a 10- to 15-fold 
purification and approximately 15% recovery of the original 
activity. The removal of approximately 30% of the total pro- 
tein without a significant change in the specific activity of 
the transhydrogenase reaction during the preparation of the 
100,000 X g digitonin extract (Fraction 2) is probably an indica- 
tion of the complex particulate nature of this system. The chief 
advantage of the ethanol precipitation step (Fraction 3) is the 
stabilization of the TD activity resulting from removal of the 
digitonin from the preparation. However, because of the marked 
lability of the TD-transhydrogenase, the entire purification of 
the extract was generally carried out without interruption. 
Further attempts to purify the enzymes resulted in a rapid loss 
of the TD-transhydrogenase activity. 

As was previously reported (1), treating the mitochondria with 
10% ethanol at 40° or conversion to an acetone powder resulted 
in a complete loss of the TD activity. Similar loss of activity 
was obtained after treating the mitochondria with n-butanol 
or tert-amyl alcohol. Although treatment with cholate or de- 
oxycholate solubilized the mitochondria, only a small fraction 
of the transhydrogenase activity could be recovered in the super- 
natant solution after high speed centrifugation. 

Various ionic and nonionic detergents yielded similar results. 
However, in all previously mentioned instances, the DD-trans- 
hydrogenase was easily extracted from the mitochondria. The 
most useful method of extracting the DD-transhydrogenase 
activity was to extract the mitochondria with 1% ammonium 
sulfate? (23); however, this procedure resulted in a complete 
loss of the TD-transhydrogenase activity. 

Stability of Enzymes—The final enzyme preparation was stable 
for several months upon storage at —15°. At 5°, the TD- 
transhydrogenase lost approximately 10% of its activity per 
day, whereas no loss of DD-transhydrogenase activity was evi- 
dent for 5 days. Repeated freezing and thawing resulted in 
about 10 to 15% loss of TD-transhydrogenase activity per cycle 
with little or no effect on the DD enzyme. Fig. 1 illustrates the 
loss of both transhydrogenase reactions of Fraction 5 upon 
exposure to a temperature of 46°. Thus, despite the relative 
stability of the DD-transhydrogenase to extraction and manip- 
ulation, it is observed to decay in this fraction at essentially the 
same rate as the more labile TD enzyme. Under the same 
conditions, the DD activity in Fraction 4 is quite stable. The 
TD activity in Fraction 4 decayed completely within a few days 
at —15°. Exposure of Fraction 5 to a temperature of 65° for 5 
minutes resulted in a decrease in activity of 100 and 85% for 
the TD-transhydrogenase and DD-transhydrogenase, respec- 
tively. 

The DD-transhydrogenase was quite stable to dialysis against 
phosphate buffer, whereas the TD-transhydrogenase lost ap- 
proximately 90% of its activity within 12 hours unless the dialy- 
sis tubing was previously boiled in dilute alkaline EDTA and 
exhaustively washed with deionized water. Under these condi- 
tions, dialysis could be carried out for 5 or 6 hours with little 
loss in activity. Extensive dialysis, for 8 hours or more, resulted 
in the loss of about 50% of the TD-transhydrogenase and the 
sporadic formation of an insoluble precipitate containing variable 
amounts of both transhydrogenase activities. 

Further attempts to purify the transhydrogenase enzymes 
utilizing ethanol, n-butanol, or tert-amyl alcohol resulted in the 


* A.M. Stein, B. T. Kaufman, and N. O. Kaplan, in prepara- 
tion. 
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Fig. 1. Inactivation of transhydrogenase reactions and activa- 
tion of diaphorase reaction by mild heat. At specified times ali- 
quots of the purified enzyme (Fraction 5), prior incubation at 46°, 
were removed and assayed for TD-transhydrogenase, DD-trans- 
hydrogenase and DPNH-diaphorase by the standard techniques 
described under ‘‘Experimental Procedure.’’ 


extensive loss of the TD-transhydrogenase reaction, whereas the 
DD enzyme was unaffected. Similar preferential loss of activity 
was obtained with various snake venoms. Incubation of Frac- 
tion 5 with Naja naja or Crotalus terrificus venom (10 ug per 
mg of protein) for 30 minutes at 30° resulted in 90% loss of TD- 
transhydrogenase activity with no significant loss of DD activity. 
Boiling the venom at pH 5.9 before incubation with the enzyme 
preparation did not alter this preferential destruction of the TD 
activity. On the other hand, both activities were unaffected by 
treatment with trypsin, but no evidence for separation or facili- 
tation of subsequent purification attempts could be obtained 
after the trypsin action. In addition, neither enzyme was 
affected by repeated extractions with isooctane and petroleum 
ether. 

Other Enzymes Present — DPNH-diaphorase, DPNH-cyto- 
chrome c reductase, TPNH-cytochrome c reductase, and DPNH 
oxidase activities were present in the purified preparation (Frac- 
tion 5). These activities were present at all stages of the purifi- 
cation of the transhydrogenase enzymes. The various dehy- 
drogenase activities and succinic-cytochrome c reductase which 
were present in the original digitonin-treated mitochondria were 
completely sedimented during the preparation of the high speed 
digitonin extract. 'TPNH-diaphorase and lipoic dehydrogenase 
which were also absent in the final preparation were found to 
have been removed during the extraction of the calcium phos- 
phate gel with 1 M ammonium sulfate, pH 8, along with about 
30% of the DD-transhydrogenase and small amounts of the 
very unstable TD-transhydrogenase (Fraction 4). These ob- 
servations are summarized in Table II. 

Fig. 1 illustrates the activation of the DPNH-diaphorase 
reaction by mild heat. This phenomenon is in accord with the 
hypothesis that the diaphorase activity is derived from a modifi- 
cation of the DD-transhydrogenase protein (24) and may be 
similar to the observations reported by Veeger and Massey (25) 
for lipoic dehydrogenase. No reappearance of TPNH-diaphor- 
ase activity could be detected under similar conditions. 
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Table III summarizes the effect of antimycin A on the various 
reactions observed in the beef heart transhydrogenase system. 
This antibiotic is strongly inhibitory only with the DPNH-cyto- 
chrome c reductase reaction. However, somewhat higher con- 
centrations of the inhibitor than reported elsewhere (18) appear 


TaBLe II 
Enzyme activities in transhydrogenase containing fractions from 
beef heart mitochondria 





Fraction § Fraction 4 





pmoles/min/mg protein 
x 102 


1. TD-transhydrogenase.. 113 4 
2. DD-transhydrogenase.... sinaciiias pests 256 49 
3. Lipoic dehydrogenase............ wi 0 28 
4. DPNH-diaphorase....... Psennisa | 45 30 
GL TINE -CiApUOrage. .. . ones cee cess 0 5 
6. DPNH-cytochrome c reductase..... ; 26 7 
7. TPNH-cytochrome c reductase...... 4 0 
8. DPNH oxidase......... Be ee 6 0 
9. DPNH oxidase (+ cytochrome c)........| 21 0 
We Ee ORM 65 osc ks careers b.goe nests e | 0 
11. TPNH oxidase (+ cytochrome c)....... .| eo | 0 





TABLE III 


Effect of antimycin A on transhydrogenase and cytochrome c 
reductase activities of purified beef heart enzyme complex* 


The 1-ml reaction mixture contained the standard assay medium 
plus the addition of 0.01 ml of absolute alcohol containing the 
various concentrations of antimycin A. The following amounts 
of protein were added for each reaction: transhydrogenase, 70 
ug; DPNH-cytochrome c, 70 ug; TPNH-cytochrome c, 210 ug. 





| Inhibition 








Sarangi A | TD- | DD- | TPNH- | DPNH- 
transhydro- | transhydro- |cytochrome c |cytochrome ¢ 

genase | genase reductase | reductase 
ug/ml % % % % 
0.1 0 0 0 30 
0.5 0 0 5 60 

| | - 

1.0 | * | 2 8 78 
1.5 5 | 0 10 97 





* Fraction 5. 


TABLE IV 
Effect of Amytal on transhydrogenase and cytochrome c reductase 
reactions of purified beef heart enzyme complex* 
The 1-ml reaction mixture contained the standard assay medium 
plus the addition of various amounts of Amytal. 











Inhibition 
Final concentration of ] 2 
myta TD- | DD- i | 
TPNH- | DPNH- 

| transhydro- | transhydro- | | 

| genase genase cytochrome ¢ |cytochrome ¢ 
mM | % % | % % 
0.5 | 0 0 .. @ 
1.0 | 0 0 2 | 54 
1.5 | 0 6 | 46 | 80 
2 2 10 


68 91 





* Fraction 5. 
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Fig. 2. Effect of DPN on TPNH-cytochrome c reductase ac- 
tivity of purified enzyme complex. The standard cytochrome c 
reductase assay mixture containing 1 umole of TPNH was supple- 
mented with 0.2 umole of DPN or 0.2 umole of DPN plus 1.5 pg 
of antimycin A where indicated. 


to be required for complete inhibition. The lack of antimycin A 
sensitivity of the TPNH-cytochrome c reductase reaction has 
been reported recently for a similar enzyme obtained from beef 
heart muscle by Lang and Nason (26). Table IV summarizes the 
effect of Amytal on the various reactions in this system. The 
TPNH-cytochrome c reductase enzyme exhibits a partial sensi- 
As with antimycin A, the DPNH-cytochrome 
c reaction is strongly inhibited by Amytal, whereas the trans- 
hydrogenase reactions are not affected. 

Fig. 2 illustrates the activation of the reduction of cytochrome 
c by TPNH by the addition of small amounts of DPN. This 
stimulation is completely abolished by antimycin A because of 
the inhibition of the DPN-cytochrome c pathway. The obser- 
vation that antimycin A decreases the rate below that of TPNH 
(without added DPN) may be evidence that a small fraction of 
the endogenous TPNH-cytochrome c reaction may be mediated 
by trace amounts of DPN bound in the enzyme preparation. 

The levels of DPNH oxidase were found to vary markedly. 
However, the addition of small amounts of cytochrome c always 
increased the oxidase activity to a fairly consistent rate. This 
was not true with TPNH oxidase which could not be detected 
with high enzyme concentration and added cytochrome c. With 
the addition of equal amounts of DPN, a significant rate of 
TPNH oxidation was observed which was stimulated by the 
presence of cytochrome c. All the observed oxidase activities 
were eliminated by the presence of antimycin A. These results 
are summarized in Table V. 

Various attempts to remove the oxidase and cytochrome ¢ 
reductase activities from the transhydrogenase activities were 
unsuccessful. Centrifugation at 100,000 x g for 4 hours resulted 
in the sedimentation of the entire complex of enzymes without 
significant changes in the ratios of the various activities. Al- 
though the very small amount of transhydrogenase remaining 
in the supernatant fraction had a higher ratio of TD- to DD- 
transhydrogenase, DPNH-cytochrome c reductase activity could 
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still be detected. Treatment of the purified complex with cho- 
jate (0.5 mg per mg of protein) rendered the preparation suscepti- 
ble to ammonium sulfate fractionation; however, no advantage- 
ous separation of the various activities could be observed. In 
addition, the TD-transhydrogenase activity obtained by these 
procedures in the various fractions was extremely unstable. 

Pyridine Nucleotide Analogue Specificity—Table VI summa- 
rizes the relative reactivity of TPNH and DPNH with various 
oxidized pyridine nucleotide analogue acceptors. The DD- 
transhydrogenase is capable of reducing a wide variety of ana- 
logues, whereas the TD-transhydrogenase exhibits no reduction 
of the 3-propionylpyridine or 3-trityrylpyridine analogues of 
DPN and low reactivity with the deamino (hypoxanthine) ana- 
logue of 3-acetylpyridine-*DPN and corresponding deamino de- 
rivative of pyridine-3-aldehyde-*DPN. 

Effect of Cd*+* and p-Chloromercuribenzoate—As was previously 
reported (24), prior incubation of the purified DD-transhydro- 
genase with Cd*+ or arsenite in the presence of DPNH resulted 
ina marked inhibition of this reaction in a manner similar to that 
reported by Searls and Sanadi (27) for lipoic dehydrogenase. 


TABLE V 
Effect of DPN on TPNH oxidase activity of purified beef heart 
enzyme complex* 


The 1-ml reaction mixture contained 100 wmoles of potassium 
phosphate buffer (pH 7.5), 0.2 umole of TPNH, and when added, 
0.1 pmole of DPN, 0.04 ml of 2% aqueous solution of cytochrome 











c, and 1.5 wg of antimycin A in absolute ethanol. 
Substrate added Activity 
pmoles/min/mg 
protein X 10% 
I shh ee es SR 0 
ME A CH SOORONNE Cos. 2655 ne ER 0 
ale NN even c cece chrnays Gar sini eo eee 3 
TPNH + DPN + antimycin A.................. 0 
TPNH + DPN + cytochrome c................. 12 
TPNH + DPN + cytochrome c + antimycin A. 0 





* Fraction 5. 


TaBLe VI 
Reactivity of transhydrogenase enzymes with DPN analogues 














Relative rates* 
DPN analogue it 

DD-trans- TD-trans- 

hydrogenase hydrogenase 
3-Acetylpyridinef................| 1.00 1.00 
Thionicotinamide ................ 1.30 0.90 
Pyridine-3-aldehyde.............. 0.90 0.7 
(Deamino) 3-acetylpyridine....... 0.75 0.20 
(Deamino) pyridine-3-aldehyde . .. 0.55 0.15 
3-Propionylpyridine.............. 0.50 0 
3-Butyrylpyridine. ............... 0.35 0 








*The rate of the transhydrogenase reaction with 3-acetyl- 
pyridine-*DPN was taken as unity. Fraction 5 was used for 
enzyme in these studies. 

} The following wave lengths (mu) were used to measure the 
relative rates of reduction of the pyridine nucleotide analogues: 
(1) 375; (2) 400; (3) 365; (4) 375; (5) 360; (6) 365; (7) 365. 
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TaBLeE VII 


Effect of Cd** on transhydrogenase reactions 
of purified enzyme complex* 


Enzyme was preincubated in cuvette for 10 minutes at room 
temperature in 0.1 mM potassium phosphate buffer, pH 7.5, con- 
taining 10-* m CdCl... At the end of the prior incubation period 
the remaining components of the standard transhydrogenase 
assay mixture were added and the reaction was begun by the 
addition of the pyridine nucleotide analogue. When added to 
the prior incubation medium, reduced pyridine nucleotides were 
utilized at the concentrations used in the standard assay mixture. 
In measuring the effects of GSH and 2,3-dimercaptopropanol on 
inhibition, 10-* m concentrations of these compounds were in- 
cubated for an additional 5-minute period after the initial 10- 
minute prior incubation with cadmium. 














Inhibition 
Prior incubation conditions 
TD-transhydro- | DD-transhydro- 
genase genase 
% 

Nis rsh eh ortrensrerd stab es Gai oe Ie 18 12 
Oe ag nee ere 70 
Or Naiaiee ae 5 | ee as OA a 20 
Cd++ + DPNH + 2,3-dimercapto- 

a, et a am Ae cea A AMEE ORL SEP 22, 22 
Cd*+ + TPNH + 2,3-dimercapto- 

IIE sis 2.53 tis crrdnicidie' cea io ian ee 14 
Car -- PINE eG noc cc esicene's 62 
Gar? se TEP INee = GE i es ee Ses 12 








* Fraction 5. 


Identical results were obtained with the more complex transhy- 
drogenase system. However, the TD-transhydrogenase is rela- 
tively insensitive to Cd++ in the presence or absence of its spe- 
cific reduced cosubstrate, TPNH. 4s in the case of the purified 
enzymes, the inhibition of the DD enzyme by Cd*+ is reversed 
only by dithiols. These results are summarized in Table VII. 
Similar results were obtained with arsenite. 

Table VIII summarizes the effect of prior incubation of the 
enzyme complex with p-chloromercuribenzoate. In view of a 
possible relationship between the DD-transhydrogenase and 
DPNH-cytochrome c reductase (28), the activity of the latter 
enzyme was also examined in the presence of this sulfhydryl 
inhibitor. The TD-transhydrogenase and DPNH-cytochrome 
c reductase are much more sensitive to this reagent than the DD 
enzyme. Prior incubation of the enzyme complex with both 
p-chloromercuribenzoate and DPNH resulted in a marked in- 
crease in the inhibition of the DD activity. In the case of the 
TD-transhydrogenase and DPNH-cytochrome c reductase ac- 
tivity, addition of the appropriate reduced coenzyme to the 
prior incubation mixture had no significant effect on the extent 
of inhibition. Reduced glutathione completely reversed the 
inhibition of the TD activity and to a somewhat lesser extent 
reversed the DD activity, whereas this monothiol had no sig- 
nificant effect on the inhibition of the DPNH-cytochrome c 
reductase reaction. This observation is similar to the findings 
of Mahler and Elowe (29) and Lehman and Nason (18). The 
TPNH-cytochrome c reductase is further differentiated from the 
corresponding DPNH enzyme by the absence of any specific 
effect by p-chloromercuribenzoate. 
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TaBLe VIII 


Effect of p-chloromercuribenzoate on transhydrogenase 
and cytochrome c reductase activities of 
purified enzyme complex* 

Enzyme was preincubated in cuvette for 10 minutes at room 
temperature in 0.1 m potassium phosphate buffer, pH 7.5, con- 
taining the indicated amounts of p-chloromercuribenzoate. At 
the end of the prior incubation period, the remaining components 
of the standard assay mixture, as described under ‘‘Experimental 
Procedure,’’ were added. When added to the prior incubation 
medium, the DPNH was added at concentrations used in the 
standard assay mixture. In measuring effects of GSH on in- 
hibition, an additional 5-minute incubation period was utilized 
after the initial 10-minute prior incubation with p-chloromercuri- 
benzoate. 














| Inhibition 
Prior incubation conditions ——- {TD-trans- |DP-trans —— | —— 
| } | | chrome c | chrome ¢ 
| = | = reductase | reductase 
jm | % | % | % | &% 
p-Chloromercuriben- | | | 
ee 1 | 100 | 33 8 | 12 
p-Chloromercuriben- | 
zoate..... ieee | wo} & 68 | 8 
p-Chloromercuriben- | | | 
zoate (DPNH)....| 1 | 78 
p-Chloromercuriben- | 
zoate (DPNH).. 1 17 
a fa | 
p-Chloromercuriben- | | 
zoate...... SRee e | 0 | | 90 
|, REET | | 
* Fraction 5. 
DISCUSSION 


The purified transhydrogenase containing enzyme preparation 
obtained from beef heart muscle appears to be a complex of en- 
zymes comprising the major activities concerned with terminal 
respiration in mitochondria. This intimate structural relation- 
ship of the transhydrogenase enzymes with the DPNH electron 
transport system is further evidence for the importance of DPN 
in the oxidation of TPNH. Thus, despite the presence of small 
amounts of TPNH-cytochrome c reductase in this preparation, 
TPNH oxidase activity could be demonstrated only in the pres- 
ence of added DPN. 

All attempts to separate completely the TD-transhydrogenase 
enzyme from the cytochrome c reductases and oxidase activities, 
as well as from the DD-transhydrogenase activity resulted in loss 
of the TD enzyme. However, the TD reaction is not mediated 
through the electron transport chain, since it is unaffected by high 
levels of Amytal and antimycin A. The same conclusion holds 
true for the DD enzyme. The marked lability of the TD-trans- 
hydrogenase to solvents and conditions known to disrupt lipo- 
proteins and phospholipid complexes suggests that the TD ac- 
tivity is in part dependent on the functional] integrity of a 
lipoprotein complex. There does not appear to be an unknown 
fat-soluble cofactor required for the enzyme, since we have failed 
to detect such a component in lipid extracts of mitochondria. 
The enzyme is stable to repeated extractions with isooctane and 
petroleum ether. This again indicates that a fat-soluble factor 
may not be involved. 
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It would appear from the nature of the isolation procedure 
that this preparation consists of small fragments derived from 
the mitochondrial membrane or cristae. With respect to the 
use of digitonin as a solubilizing agent and the susceptibility 
of the DPNH-cytochrome c¢ reductase component to both p- 
chloromercuribenzoate and antimycin A, this enzyme complex 
appears to be quite similar to the enzyme described by Lehman 
and Nason (18). On the other hand, the strikingly different 
conditions required to recover the enzymes from calcium phos- 
phate gel suggest marked differences between the two prepara- 
tions. The decreased sensitivity of the DPNH-cytochrome ¢ 
reductase to antimycin A may be explained by a partial modifi- 
cation of the enzyme. This is consistent with the relatively 
low respiratory chain activities observed in this system. 

The separation of the DD-transhydrogenase reaction into two 
fractions only one of which contains the lipoic dehydrogenase 
suggests that the DD enzyme associated with the TD may be 
specific for the transfer of electrons between free and bound di- 
phosphopyridine nucleotides of various mitochondrial compart- 
ments. The DD-transhydrogenase associated with the lipoic 
dehydrogenase thus corresponds to the enzymes described by 
Massey (23) and Searls and Sanadi (30) which were shown by 
Stein et al.2 to possess DD-transhydrogenase activity. The 
second DD enzyme which appears tightly bound in the enzyme 
complex (Fraction 5) may correspond to the lipoflavoprotein 
described by Ziegler et al. (31). Attempts to isolate the lipo- 
flavoprotein from Fraction 5 after cholate treatment and solvent 
extraction according to the method of Ziegler were not success- 
ful, although significant amounts of inactive lipid were extracted. 

Studies by Weber and Kaplan (28) have shown that purified 
DPNH-cytochrome c reductase catalyzes an exchange between 
DPNH and 3-acetylpyridine-*DPN which is quite sensitive 
-to inhibition by p-chloromercuribenzoate. The DPNH-cyto- 
chrome c reductase present in this preparation is probably not 
the source of the exchange reaction, since only moderate inhibi- 
tion of the exchange reaction is observed when DPNH is absent 
during the prior incubation of the enzyme with the inhibitor. 
In addition, the marked sensitivity of the TD enzyme to p- 
chloromercuribenzoate in the absence of TPNH during the prior 
incubation suggests further that the TD and DD reactions are 
catalyzed by different enzymes. The differences in analogue 
specificities between the two reactions lead to a similar conclu- 
sion. 

The significant inhibition of the DD-transhydrogenase reac- 
tion by Cd*++ and arsenite only in the presence of DPNH and its 
reversal by 2,3-dimercaptopropanol suggest a functional group 
on the enzyme similar, if not identical, to the vicinal dithiol 
described in the studies of Searls and Sanadi on lipoic dehydro- 
genase (27). A similar mechanism may also explain the en- 
hancement by DPNH of the p-chloromercuribenzoate inhibition. 
On the other hand, the TD-transhydrogenase reaction exhibits 
no specific Cd+* inhibition. This observation, in conjunction 
with the nature of the p-chloromercuribenzoate inhibition, may 
be construed as evidence that a simple, sensitive sulfhydryl 
group is essential in the catalysis of the TPNH-DPN electron 
transfer. The lability of the TD enzyme may in part be due to 
this sensitive sulfhydryl group. 

The marked differences between the TPNH-cytochrome c and 
DPNH-cytochrome c pathways suggest that the TPN enzyme 
may not be connected with electron transport via the respira- 
tory chain. The potent coupling of TPNH oxidation into the 
antimycin A-sensitive DPN pathway by the traushydrogenase 
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enzyme is further evidence that the transhydrogenase reaction is 
the chief route of TPNH oxidation in terminal respiration in 
animal mitochondria. 


SUMMARY 


1. The reduced triphosphopyridine nucleotide (TPNH)-di- 
phosphopyridine nucleotide (DPN) and the DPNH-DPN trans- 
hydrogenase enzymes have been purified approximately 15-fold 
from digitonin extracts of beef heart mitochondria by means of 
ethanol precipitation and treatment with calcium phosphate gel. 
The transhydrogenase activity is closely associated with the 
mitochondrial respiratory chain, since the purified preparation 
consists of a complex of the enzymes concerned with terminal 
electron transport. The purified preparation appears to be 
devoid of succinic dehydrogenase and pyridine nucleotide-linked 
dehydrogenases. 

2. The activity of the TPNH-DPN (TD) enzyme appears to 
be dependent on the integrity of a lipoprotein complex, since 
agents known to disrupt such complexes also inactivate the 
enzyme. 

3. The DPNH-DPN (DD)-transhydrogenase activity has been 
separated into two fractions, only one of which exhibits lipoyl 
dehydrogenase activity. The DPNH diaphorase reaction asso- 
ciated with the DD enzyme could be enhanced by mild heating. 

4. Both transhydrogenase reactions and the TPNH-cyto- 
chrome c reductase were unaffected by large amounts of anti- 
mycin A, whereas a marked inhibition of the DPNH-cytochrome 
¢ reductase reaction was observed. Neither transhydrogenase 
was affected by Amytal; however, both the DPNH- and TPNH- 
cytochrome c reductases were significantly inhibited. 

5. Marked stimulation of both TPNH-cytochrome c reductase 
and TPNH oxidase activities occurred in the presence of small 
amounts of DPN. This stimulation was abolished by anti- 
mycin A. 

6. Inhibition studies with Cd++ and p-chloromercuribenzoate 
suggest that the activity of the TD reaction is associated with a 
sensitive sulfhydryl group, whereas the enzymatic activity of the 
DD reaction appears to be associated with a dithiol group. 

7. The relationship of the transhydrogenase reactions de- 
scribed here to terminal respiratory pathways in the mitochondria 
is discussed. 
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The purple photosynthetic sulfur bacterium, Chromatium, will 
grow only in the light and under anaerobic conditions. This 
organism can grow on an inorganic medium utilizing CO: as the 
sole carbon source in the presence of reduced inorganic sulfur 
compounds. Some reduced carbon compounds can be utilized 
for the growth of this organism but only in the light and under 
anaerobic conditions. In this case, reduced sulfur is not required 
and the reduced carbon compounds can serve concomitantly as 
a source of carbon and reducing power. 

The initial concept of the mechanism of bacterial photosyn- 
thesis involving the photolysis of water was postulated by van 
Niel (1, 2). He proposed that a reducing fragment designated 
as (H) and an oxidizing fragment (OH) were produced and that 
the latter was involved in the oxidation of sulfide to elemental 


sulfur. The reaction sequence was written as follows (Equations 
1 to 4): 

4 H.0 + light — 4 (H) + 4 (OH) (1) 

CO. + 4 (H) — (CHO) + H.O (2) 

4 (OH) +2HS—4H.O+258 (3) 





Sum: COz + 2 H.S + light — (CH.O) + H.O+2S (4) 


It has been suggested (3, 4) that the energy provided by photo- 
synthetic phosphorylation may be utilized for the reduction of 
CO, (Equation 2) or for the assimilation of organic acids. Fuller 
and Anderson (5) have shown that Chromatium fixes COs in the 
light by two pathways; one via ribulose diphosphate carboxylase 
and a second involving carboxylation of P-enolpyruvate. 

A great variety of organic compounds (alcohols, fatty acids, 
amino acids, and carbohydrates) can be used for growth by the 
nonsulfur purple bacteria (6) and by the purple sulfur bacteria 
including Chromatium (7,8). A detailed discussion of the photo- 
metabolism of carbon compounds by the nonsulfur purple bac- 
teria has been published by Gest and Kamen (9). Recently 
Sisler and Fuller (10), Fuller (11), and Fuller and Kornberg (12) 
have shown that the photometabolism of various organic acids 
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by Chromatium involves the induction of a modified glyoxylate 
cycle (13) and the concomitant suppression of COz fixation. 

The experiments described in this work suggest a biochemical 
basis for the autotrophic fixation of COs, the photometabolism 
of organic acids, and the synthesis of carbohydrates by Chro- 
matium. 


EXPERIMENTAL PROCEDURE 


Chromatium, strain D, was grown in 1-liter, glass-stoppered 
bottles at 35° on the medium described by Hendley (14), 
When acetate or malate was used as the sole source of carbon, a 
modified medium lacking NaeS.O3 was used. 

CO:Fizxation Experiments—Cells were harvested by centrifug- 
ing in N.-flushed, capped, polyethylene bottles at 1000 x g for 
15 minutes. The packed cells were washed once and were sus- 
pended in 0.01 m potassium phosphate buffer, pH 7.8, which had 
been preflushed with Ne. For whole cell COs fixations, a con- 
centration of approximately 5 ml of packed cells per 100 ml of 
buffer was used. 

Measurements of dry weight and bacteriochlorophyll content 
were used to determine the amount of cellular material used ina 
given experiment (15). Equal amounts of cellular material were 
obtained by withdrawing aliquots of a well dispersed suspension 
of whole cells. 

CO, fixation in the light was carried out by completely filling 
a N->-flushed, 20-ml, glass “lollipop” flask with a 5% cell sus- 
pension and illuminating the flask in 4000 foot-candles of light. 
NaHC"™0s;, 0.05 ml, (0.042 m) containing 50 ue was added to the 
flask. The latter was quickly stoppered and the contents mixed. 
To ensure an excess of NaHCOs, 100 uc was used for the longer 
fixations. The reaction was stopped by draining the flask into 
sufficient boiling ethanol to make an 80% ethanol extract. A 
few drops of glacial acetic acid were added to drive off any un- 
fixed NaHCO; as C!Oz. 

The 80% ethanol extract was centrifuged and the precipitate 
was washed with 20% ethanol and recentrifuged. The combined 
extracts were evaporated under reduced pressure to a suitable 
volume for chromatography. Aliquots of the ethanolic extract 
were also plated and counted on aluminum planchets in order to 
determine the total fixation of C™ into compounds soluble in the 
ethanol-water mixtures. 

Preparation of Cell-free Extracts—Chromatium cells were har- 
vested while still in their log phase of growth; they were washed 
twice with water and once with 0.05 m Tris buffer, pH 7.3. The 
cells were broken with a modified Hughes press. A uniform 
suspension of broken cells in 0.05 m Tris buffer, pH 7.3 was ob- 
tained with a TenBroeck hand homogenizer. The suspension 
was centrifuged at 144,000 x g for 90 minutes. The clarified 
extract was used in the assays. Protein was determined by the 
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biuret reaction (16). In some experiments the cells were broken 
by sonic treatment. No differences in the enzymatic activity of 
the two kinds of preparations were noted. 

General Enzyme Assay Procedure—Assays were carried out at 
93°, A unit of activity is the turnover of 1 umole of substrate 
per minute. The majority of the assays were measured by con- 
tinually recording the progress of the reaction with a Cary model 
14 recording spectrophotometer. Rates were linear for the first 
few minutes and were proportional to enzyme concentration in 
the ranges used for evaluating the activities. 

The following coupling enzymes were used: glucose-6-P de- 
hydrogenase, glyceraldehyde-3-P dehydrogenase, 3-P-glycerate 
kinase (Boehringer and Soehne); pyruvate kinase, a-glycero- 
phosphate dehydrogenase (Sigma Chemical Company), and 
lactic dehydrogenase (Worthington Biochemical Corporation). 
Phosphoglucomutase! was prepared by an unpublished modifica- 
tion of Najjar’s method (17). 

Enzyme Assays—Ribulose diphosphate carboxylase was as- 
sayed according to Weissbach et al. (18). The reaction mixture 
contained Chromatium extract, NaHCO; (46 uwmoles per ml), 
MgCl, (9 umoles per ml), reduced glutathione (5.5 wmoles per 
ml), EDTA? (0.05 umole per ml), and ribulose diphosphate (0.4 
umole per ml). The reaction mixture minus the Chromatium 
extract was saturated with 5% COs. in Ne and the reaction was 
started by addition of the extract. The reaction was stopped 
by the addition of 1 N HCl followed by boiling for 1 minute and 
the 3-P-glycerate formed during the reaction was assayed as de- 
scribed by Weissbach et al. (18) except that purified preparations 
of 3-P-glycerate kinase and glyceraldehyde-3-P dehydrogenase 
were substituted for the rabbit muscle preparation. 

3-P-glycerate kinase was assayed by coupling with glyceralde- 
hyde-3-P dehydrogenase (19). The reaction mixture contained 
histidine buffer, pH 6.9 (30 wmoles per ml), MgCl. (5 umoles 
per ml), cysteine (20 wmoles per ml), ATP (0.3 umole per ml), 
glycine (27 umoles per ml), DPNH (0.1 umole per ml), glycer- 
aldehyde-3-P dehydrogenase (2 units per ml), and 3-P-glycerate 
(5 umoles per ml) (test cuvette only). The reaction mixture 
was incubated for 8 minutes (to ensure activation of the glycer- 
aldehyde-3-P dehydrogenase by cysteine) and the Chromatium 
extract was then added to both control and test cuvettes. 

Glyceraldehyde-3-P dehydrogenase was assayed according to 
Gibbs (20) except that a higher concentration of substrate was 
used. The reaction mixture contained Chromatium extract, Tris, 
pH 8.0 (33 umoles per ml), sodium arsenate (17 wmoles per ml), 
KF (20 uwmoles per ml), cysteine, pH 8.0 (4 umoles per ml), and 
pyridine nucleotide (0.1 umole per ml) (test cuvette only). The 
reaction mixtures were incubated at 23° for 8 minutes and then 
glyceraldehyde-3-P (2 umoles per ml) was added to both control 
and test cuvettes. 

Triosephosphate isomerase was assayed by coupling with 
muscle a-glycerophosphate dehydrogenase (21). The reaction 
mixture contained Chromatium extract, Tris, pH 8.0 (33 umoles 
per ml), DPNH (0.1 umole per ml), and a-glycerophosphate 
dehydrogenase (0.2 unit per ml). The reaction was started by 
adding glyceraldehyde-3-P (1 umole per ml) to the test cuvette. 

Aldolase was measured by coupling with a-glycerophosphate 
dehydrogenase (22). Inasmuch as the Chromatium extract con- 


‘The phosphoglucomutase and glucose 1,6-diphosphate were 
kindly furnished by Dr. J. Yankeelov, Jr. 

*The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; PMS, N-methylphenazonium methosulfate. 
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tained triosephosphate isomerase whose rate was 20 to 30 times 
that of aldolase, the fructose-1,6-P should have yielded 
two equivalents of DPNH oxidized. Aldolase activity was cal- 
culated as micromoles of P transformed per minute. The reac- 
tion mixture contained Chromatium extract, Tris, pH 7.5 (30 
umoles per ml), cysteine (3.3 wmoles per ml), DPNH (0.1 umole 
per ml), and a-glycerophosphate dehydrogenase (0.2 unit per 
ml). The reaction was started by adding fructose-1,6-P (1.7 
umoles per ml) to the test cuvette. 

Alkaline fructose 1,6-diphosphatase was measured according 
to the colorimetric assay used by Racker and Schroeder (23), 
except that the pH of the reaction mixture was adjusted to 9.5 
instead of 8.5. The reaction mixture contained Chromatium 
extract, Tris, pH 9.5 (100 wmoles per ml), MgCls (5 umoles per 
ml), and EDTA? (1.6 wmoles per ml). The reaction was stopped 
by the addition of an equal volume of 10% perchloric acid. The 
mixture was centrifuged and the inorganic phosphate in aliquots 
of the supernatant fluid was estimated by the procedure of Allen 
(24). 

Phosphoglucose isomerase was assayed by coupling with glu- 
cose-6-P dehydrogenase (25). The reaction mixture contained 
Chromatium extract, Tris, pH 9.0 (70 wmoles per ml), MgCl: 
(3.3 umoles per ml), TPN (0.1 umole per ml), fructose-6-P (0.7 
umole per ml), and glucose-6-P dehydrogenase (0.3 unit per ml). 
Fructose-6-P was omitted from the control cuvette. The reac- 
tion mixture minus Chromatium extract was preincubated to 
remove glucose-6-P which was present as an impurity in the 
fructose-6-P. The reaction was started by adding Chromatium 
extract to both control and test cuvettes. 

Phosphoglucomutase was assayed by coupling with glucose-6-P 
dehydrogenase (26). The reaction mixture contained Chroma- 
tium extract, Tris, pH 7.5 (30 uwmoles per ml), MgCl, (2 umoles 
per ml), cysteine (20 umoles per ml), glucose 1,6-diphosphate 
(0.002 umole per ml), TPN (0.1 umole per ml), glucose-1-P (5 
umoles per ml), and glucose-6-P dehydrogenase (0.3 unit per 
ml). Glucose-1-P was omitted from the control cuvette. The 
reaction mixture minus Chromatium extract was incubated for 
3 minutes to remove traces of hexose 6-phosphate. The reaction 
was started by adding the extract to both control and test cu- 
vettes. 

UDPG pyrophosphorylase was assayed by coupling with 
phosphoglucomutase and glucose-6-P dehydrogenase (26). The 
reaction mixture contained Chromatium extract (test cuvette 
only), Tris, pH 7.5 (30 umoles per ml), MgCl. (2 wmoles per ml), 
glucose 1 ,6-diphosphate (0.002 umole per ml), UDPG (0.4 umole 
per ml), TPN (0.1 umole per ml), phosphoglucomutase (0.1 
unit per ml, assayed in the absence of cysteine), and glucose-6-P 
dehydrogenase (0.5 unit per ml). The reaction was started by 
adding potassium pyrophosphate (2 uwmoles per ml) to both 
control and test cuvettes. 

Inorganic pyrophosphatase was assayed as for alkaline fruc- 
tose 1,6-diphosphatase except that potassium pyrophosphate, 
pH 9.5 (5 umoles per ml), was used as the substrate. 

Nucleoside diphosphokinase was measured by UTP formation 
in the presence of ATP and UDP. Chromatium extract was 
incubated for 30 minutes at 30° with UDP, ATP, and MgCl. 
(all at 5 umoles per ml). The pH was7.5. Ion exchange paper 
chromatography was used to separate UTP from the other com- 
ponents of the reaction mixture. The control reaction mixtures 
contained extract and UDP; extract, UMP, and ATP; and boiled 
extract, UDP, and ATP. 
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The assay of phosphoribulokinase was based on the procedure 
given by Racker (27). The reaction mixture contained Chro- 
matium extract, Tris, pH 7.5 (30 uwmoles per ml), MgCl, (10 
umoles per ml), GSH (5 uwmoles per ml), ATP (0.33 umole per 
ml), P-enolpyruvate (0.33 umole per ml), DPNH (0.2 umole 
per ml), pyruvate kinase (3.3 ug of protein per ml), and lactic 
dehydrogenase (0.5 unit per ml). DPNH oxidation was meas- 
ured after the addition of substrate. The latter was prepared 
as follows: ribose-5-P (200 umoles), Tris buffer, pH 7.5 (100 
umoles), and Chromatium extract (2.8 mg of protein) were in- 
cubated together (final volume, 2.0 ml) for 30 minutes at 23°. 
The mixture was placed in a boiling water bath for 2 minutes, 
chilled, and centrifuged. The supernatant fluid (which con- 
tained ribulose-5-P) was used in the enzyme assays. 

The assay for ‘‘malic enzyme’ was similar to that given by 
Ochoa (28). The reaction mixture contained Chromatium ex- 
tract, glycylglycine buffer, pH 7.4 (25 uwmoles per ml), MnCl. 
(1 wmole per ml), /-malate (3 wmoles per ml), and TPN (0.1 
umole per ml). 

Malic dehydrogenase was estimated by pyridine nucleotide 
oxidation in the presence of oxalacetate (29). The reaction mix- 
ture contained phosphate buffer, pH 7.0 (17 umoles per ml), 
MgCl, (3 umoles per ml), oxalacetate (5 umoles per ml), and 
DPNH or TPNH (0.1 umole per ml) (test cuvette only). 

Isocitric dehydrogenase was measured by the reduction of 
TPN in the presence of isocitrate (30). The reaction mixture 
contained Chromatium extract, Tris, pH 7.3 (30 umoles per ml), 
MnCl: (1 wmole per ml), dl-isocitrate (1 umole per ml), and 
TPN (0.1 wmole per ml). The reaction was started by the 
addition of isocitrate to the test cuvette. 

Aceto-CoA-kinase was assayed by hydroxamic acid formation 
(31). The reaction mixture (1 ml) contained Chromatium ex- 


tract, Tris, pH 7.4 (100 umoles), potassium acetate (20 umoles), - 


ATP (100 umoles), hydroxylamine (200 umoles), MgCl. (100 
umoles), KF (100 umoles), and CoA (0.08 umole). Hydroxamic 
acid formation was estimated by the increase in optical density 
at 540 my after the addition of the FeCl; reagent of Lipmann 
and Tuttle (32). 

Isocitratase was assayed according to the procedure of Dixon 
and Kornberg (33). The formation of glyoxylic acid phenyl- 
hydrazone was followed by the optical density change at 324 
mu. The reaction mixture contained Chromatium extract, 
potassium phosphate, pH 6.8 (67 wmoles per ml), MgCl. (5 
umoles per ml), phenylhydrazine (3.3 wmoles per ml), cysteine 
(2 umoles per ml), and J/-isocitrate (1.7 umoles per ml). The 
reaction was started by the addition of isocitrate to the test 
cuvette. 

Malate synthetase also was assayed according to Dixon and 
Kornberg (33). The reaction mixture contained Chromatium 
extract, Tris, pH 7.1 (32 wmoles per ml), MgCl. (4 umoles per 
ml), acetyl-CoA (0.05 umole per ml), and sodium glyoxylate (2 
umoles per ml, test cuvette only). The optical density decrease 
at 232 mu was recorded. 

Chromatography on Ion Exchange Resin-loaded Paper—This 
was used in conjunction with the nucleoside diphosphokinase 
assay. The procedure used was similar to that described by 
Smillie (34) for the separation of RNA nucleotides. A sheet of 
ion exchange paper was cut into 1.5 Xx 50-cm strips (Reeve 
Angel ion exchange resin-loaded paper SB-2. The paper con- 
tains Amberlite IRA-400 and has an ion exchange capacity of 


approximately 1.5 meq per g of paper). The resin was converted 
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to the formate form before use. An aliquot of the reaction mix- 
ture was applied as a band, 2 cm from one end of a strip. A 
solution containing 4 m formic acid and 0.6 M ammonium formate 
was allowed to ascend the strip for 45 em (7 to 8 hours). The 
strip was air-dried and cut into 1 X 1.5 em sections. Each 
section was eluted with 2 ml of 0.2 Nn HCl and the optical den. 
sities of the eluates at 260 my were read with a Cary recording 
spectrophotometer with 1 cm cuvettes. This procedure sepa- 
rated UTP from other nucleotides. The identity of ultraviolet. 
absorbing compounds on the ion exchange strip was ascertained 
by their ultraviolet absorption spectra and by co-chromatog- 
raphy with known compounds. 

Paper Chromatography—Chromatography of sugars was ear- 
ried out on washed Whatman No. 1 filter paper. Two solvents 
were used, water-saturated phenol, and n-butanol 52%, ethanol 
32%, and water 16%. The solvents were run downwards for 
approximately 16 hours. Separated sugars were identified by 
their Ry values and by spray reagents. Benzidine spray (35) 
was used for the detection of aldosugars and orcinol spray (36) 
for ketosugars. The orcinol spray gives a blue color with sedo- 
heptulose, and a yellow color with fructose (36). Xylulose 
yields a grey-blue color and ribulose a pale yellow color which 
fluoresces yellow in long wave ultraviolet light (37). The n- 
bulose color is intensified by spraying with 0.5% benzidine in 
95% ethanol.? A cherry-red color results which exhibits a 
strong red fluorescence in long wave ultraviolet light. The sub- 
sequent spraying with benzidine has little or no effect on the 
colors originally produced by sedoheptulose, fructose, and xylu- 
lose. 

Two-dimensional chromatography of the CO, fixation prod- 
ucts of Chromatium cells were run in the phenol-water and 
butanol-propionic acid-water solvents described by Benson (38). 


RESULTS 


Autotropic CO, Fixation 


The direct incorporation of CO, into autotrophically grown 
Chromatium cells was measured over short periods of time. A 
linear rate was obtained for at least 7 minutes which indicated a 
steady state rate of photosynthesis (Fig. 1). 

Chromatography and radioautography of the reaction products 
indicated that P-glycerate and aspartic acid were the earliest 
stable products of CO, fixation. Contrary to findings in higher 
plant photosynthesis (39), after 30 seconds as much as 45% of 
the total fixed carbon appeared in aspartic acid. Only approxi- 
mately 28% of the total C' appeared in P-glycerate. The rates 
of incorporation into aspartic acid, P-glycerate, glutamic acid, 
alanine, and the sugar diphosphates are shown in Fig. 2. Both 
P-glycerate and aspartic acid showed strikingly negative slopes 
of isotope incorporation; these indicated two sites of CO: in- 
corporation. The presence of an active ribulose diphosphate 
carboxylase in Chromatium grown on CO: has been demonstrated 
previously (5, 40) and is further confirmed in this paper (Table 
II). It has been proposed (5) that the high initial incorporation 
of CO, into aspartic acid is due to a second carboxylation of 
P-enolpyruvate, formed from P-glycerate, to give oxalacetate in 
the presence of P-enolpyruvate-carboxylating enzymes (41, 42). 
Aspartic acid is presumably formed from oxalacetate by trans- 
amination. It would therefore seem likely that this organism 
might use this pathway of a “double CO,” fixation as a rapid 


3R.M. Smillie, unpublished observations. 
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method for incorporating carbon into organic acids and amino 
acids for the production of new cellular material. Such an 
interrelationship is indicated in Equation 5 and some of the key 
enzymes are demonstrated in the next section of this paper (see 
also Tables I and V). 


CO, 
Ribulose diphosphate ————> P-glycerate — 
(5 
CO, NH; - 
P-enolpyruvate pp oxalacetate ———— aspartate 


Photometabolism of Organic Acids 


Chromatium can grow on a number of reduced organic com- 
pounds with added COz (7). However, we were able to grow 
these cells in the light through a number of transfers on malate, 
pyruvate, acetate, glutamate, succinate, aspartate, citrate, and 
glucose in the absence of added CO». Except when malate or 
succinate were used, an initial lag of 24 hours was noted in the 
growth of cultures started from autotrophically grown cells. 

Ribulose Diphosphate Carboxylase—One of the striking features 
observed during these studies was that when Chromatium was 
grown on a substrate at a more reduced level than COs, the ac- 
tivity of a key enzyme of the photosynthetic cycle, ribulose di- 
phosphate carboxylase, was suppressed (Table I). It therefore 
seems likely that during light-dependent growth on these sub- 
strates in Chromatium the activity of the “Calvin photosynthetic 
eyele” is greatly reduced. Because the presence of organic 
acids may suppress normal photosynthetic CO, fixation (9), a 
further investigation of light-dependent organic acid metabolism 
in autotrophically and heterotrophically grown Chromatium was 
undertaken. 

Acetate Activation, Isocitratase, and Malate Synthetase—Cell- 
free extracts of Chromatium grown with either COs or acetate as 
the sole source of carbon were able to activate acetate when 
ATP was present (Table II). The reaction was enhanced by 
the addition of GSH and CoA. No attempt was made to remove 
endogenous CoA, but it would seem apparent from the data 
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Fig. 1. Rate of C™ incorporation from NaHC™O; into Chro- 
mattum cells. Ethanolic extracts of cells were counted as in- 
finitely thin samples on aluminum planchets. 
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Fig. 2. Rates of C4 incorporation from NaHCO; into various 
compounds by Chromatium. The percentage of total C" in each 
compound was calculated by counting the compound in question 
directly on paper and comparing this count with the total fixation 
of the cells. PGA, P-glycerate. 


TABLE I 
Ribulose diphosphate carboxylase activity in Chromatium extracts 





| Specific activity of ribulose 


Carbon source for growth iphosphate carboxylase* 








pmoles P-glycerate/min/g protein 


OS 0: | ne ee 138 
PE occ oa cons taeracince CA 58 
cy cacti fac nterotara Dee | 15 





* For complete reaction mixture and assay procedure see ‘‘Ex- 
perimental Procedure.”’ 


TABLE II 


Activation of acetate by cell-free extracts of 
autotrophically grown Chromatium 








Reaction mixture* (Chanee in O.D. at 540 mp 
CNN sole Sinai <i Meron re ee eee | 0.148 
Complete with boiled enzyme.............. | 0.003 
MS noo sai Ka a cal 0.038 
NRE — UM 6 6.66 oe Mote kcenaemeon | 0.000 
pe oe: a ee ee. ee eae | 0.033 
0.013 


Parnes: = ABOtRbe 5 one 0 os Kh eee | 





* For complete reaction mixture and assay procedure see ‘‘Ex- 
perimental Procedure.’’ 


presented in Table II that the activation of acetate proceeds 
mainly via the following reaction (Equation 6). 


Acetate + CoA + ATP a Acetyl-CoA + 


AMP + PP 


(6) 
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TaBLeE III 


Formation of malate from acetate and glyoxylate by cell-free extracts 
of autotrophically grown Chromatium 

Complete reaction mixture contained the following in umoles: 
Tris, pH 7.4, 10; ATP, 10; GSH, 10; MgCle, 10; CoA, 0.08; potas- 
sium glyoxylate, 10; sodium acetate, 10 (10 uc). Bacterial extract 
containing 0.16 mg of chlorophyll was included in the reaction 
mixture in a final volume of lml. The reaction time was 20 min- 
utes. The products were chromatographed (38) and the C'* 
malate was counted directly on paper. 





Reaction mixture c.p.m, in malate 














MN as ree rer cle aialin, Nase asarastnidyareth on 6780 
Complete with boiled enzyme.............. 0 
IN NI gsc ois, ccxcoe vowed op alesie's 410 
NN I ois icciv en nce mule wiminisareriodss acai nes 65 
Becks | ee ere 2220 
Mixture — Glyoxylate..................... 0 
1 
TABLE IV 

Specific activities of two enzymes of glyoxylate cycle in Chromatium 

| Activity* 

Carbon source for growth | 
| Isocitratase | Malate synthetase 





| umoles/min/g protein 


Carbon dioxide................. 2.3 5.8 
DN EE ETE TTS 32 | 6.3 
Ns ose cat eS kek 1.0 4.9 


| 
| 





* For assay procedures and reaction mixtures see ‘‘Experimen- 
tal Procedure.”’ 
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Fig. 3. The assay for malic dehydrogenase in Chromatium ex- 
tract. For the complete reaction mixture see ‘Experimental 
Procedure.’”’ In this test the sonic extract of Chromatium con- 
tained 5 mg of protein. The graph is a tracing of the optical 
density change at 340 mu obtained with a Cary recording spectro- 
photometer. A, oxalacetate (5 uwmoles) was added; B, a sonic 
extract of succinate grown Pseudomonas (Beaba) containing 0.5 

mg of protein was added. 





As previously reported (10) both malate synthetase and iso- 
citratase are present in Chromatium. Some properties of malate 
synthetase in this organism are described in Table III. The 
quantitative enzyme data presented in Table IV indicate that 
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isocitratase was induced to high levels of activity in cells grown 
on acetate, but not in those grown on CO, or malate. Malate 


synthetase, however, appears to be constitutive in cells grown | 


under all conditions. Similar results for the cellular levels of 
these two enzymes have been noted for several nonphotosyn. 
thetic microorganisms when grown on various organic acids (43), 

Malate Oxidation—Chromatium cells grow readily on malate as 
the only carbon source. Under a wide variety of circumstances, 
cell-free preparations of Chromatium grown on either COs, ace. 
tate, or malate failed to oxidize DPNH or TPNH in the presence 
of oxalacetate. A rapid DPNH oxidation occurred when an 
extract of either Rhodospirillum rubrum or Pseudomonas (Baba), 
both known to contain a DPN-linked malic dehydrogenase, was 
added to the same reaction cuvette containing the Chromatium 
extract, (Fig. 3). This shows that the inability to demonstrate 
dehydrogenase activity in Chromatium extracts was not due to 
the presence of an inhibitor in the preparation. 

Although the extracts were devoid of soluble malic dehydro- 
genase, they catalyzed a slow oxidation of malate. This was 
measured manometrically and corresponded to the uptake of 0.5 
mole of Oz for each mole of /-malate oxidized. The product of 
the reaction was pyruvate; labeled oxalacetate was not detected 
even when the substrate was malate-3-C™ (synthesized as de- 
scribed for malate-1-C' (44) with acetyl-2-C“%-CoA) and un- 
labeled oxalacetate was present throughout the incubation 
period to trap any C'*-oxalacetate formed. The oxidation of 
l-malate was greatly stimulated by the addition of PMS. This 
stimulation was abolished by earlier treatment of the extracts 
with activated charcoal but was fully restored when a small 
quantity of TPN was added to the charcoal-treated extracts. 
Since TPNH is nonenzymatically oxidized by PMS, these find- 
ings suggested that the observed oxidation of malate in the pres- 
ence of PMS was due to the action of the “‘malic enzyme” of 
Ochoa, Mehler, and Kornberg (45) (Equations 7 to 10). 


l-malate + TPN* — pyruvate + CO: + TPNH + H* (7) 
TPNH + H* + PMS — TPNt + PMSvrea (8) 
PMSrea + 402 — PMS,x + H2O (9) 





Sum: l-malate + 402 — pyruvate + CO. + H:0 (10) 


The presence of “malic enzyme” was also demonstrated by 
spectrophotometric assay (Fig. 4). The activity ranged from 
70 to 140 umoles of TPN reduced per minute per g of soluble 
protein, under all conditions of growth tested. Malic oxidases 
(46) or particulate malic dehydrogenase systems (47), which 
have been demonstrated to occur in a number of microorganisms, 
were not detected in this organism. 

Although the formation of labeled oxalacetate from labeled 
malate was not detected in experiments in which CO: was 
trapped, labeled oxalacetate was formed if CO2 was not contin- 
ually removed from the system. This formation of oxalacetate 
was probably due to carboxylation of pyruvate, as was indicated 
by experiments in which NaHCO; was added to sonic extracts of 
Chromatium (Table V). Added oxalacetate disappeared during 
the course of incubation and the quantities of labeled aspartic 
acid produced in the crude extracts were therefore a more reliable 
indication of the extent of incorporation of isotope into oxalace- 
tate. The amount of C™-aspartate formed in the absence of 
added substrates was low, but was increased by addition of 
either the pyruvate-forming system (malate plus cofactors) or by 
pyruvate or P-enolpyruvate. Supplementation of this latter 
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Fic. 4. ‘Malic enzyme” in Chromatium. For assay procedure 
see “Experimental Procedure.” 


substrate with IDP led to a further enhancement of isotope 
incorporation, which indicated that one route for the carboxyla- 
tion of the C3-compounds to a C,acid was via the oxalacetic 
carboxylase (P-enolpyruvate carboxykinase) system of Utter and 
Kurahashi (41). A similar effect in Chromatium extracts has 
been noted by Losada et al. (48). However, an even greater 
stimulation of C'*-aspartate formation was noted when extracts 
were incubated with NaHC™Os, pyruvate, and ATP. This rate 
of isotope incorporation was further increased when a trace 
quantity (0.02 umole) of acetyl-CoA was added to the mixture 
of Chromatium extract, NaHC"Os;, pyruvate, and ATP. The 
amount of C-aspartate formed in this latter system was 4 times 
greater than that obtained with the similar system in which 
P-enolpyruvate and IDP served as substrates for carboxylation 
(Table V). It is therefore possible that the increased activity 
is due in part to the pyruvate carboxylation reaction described 
by Utter and Keech which requires both ATP and acetyl-CoA 
49), 

ies results indicate that in the obligate, anaerobic, purple 
sulfur bacterium Chromatium, the formation of oxalacetate from 
malate is different from the malic dehydrogenase reaction oc- 
curring in aerobic systems, in that the over-all reaction (Equa- 
tion 13) involves a decarboxylation (Equation 11) followed by a 
carboxylation (Equation 12), with concomitant reduction of 
TPN. 


l-malate + TPN*+ — pyruvate + CO. + TPNH + H* (11) 


1-CoA 
pyruvate + CO:2 ees oxalacetate (12) 





Sum: l-malate + TPN+ — oxalacetate + TPNH + H* (13) 


Citric Acid Cycle Enzymes—When acetate-2-C™ was incubated 
for 5 minutes with a cell-free extract of acetate-grown Chroma- 
tium in the presence of CoA, ATP, and MgCl, there was activity 
incorporated only into acetyl-CoA. When citrate was included 
in the reaction mixture, activity was also found in malate and 
fumarate. This suggested the presence of aconitase, isocitratase, 
and fumarase in the extract. When oxalacetate was added in- 
stead of citrate, label was found in citrate indicating the presence 
of condensing enzyme. After the addition of either pyruvate, 
malate, or succinate, label was found only in acetyl-CoA. 


Fuller, Smillie, Sisler, and Kornberg 


2145 


The presence of isocitric dehydrogenase in extracts from CO.- 
and acetate-grown Chromatium was demonstrated spectrophoto- 
metrically (30). 

The rapid appearance of glutamate during CO; fixation (Fig. 
2) indicates that a-ketoglutarate arising from the action of 
isocitric dehydrogenase may be converted to glutamate by trans- 
amination. 

Several attempts were made to demonstrate the oxidation of 
a-ketoglutarate by extracts of Chromatium. No reduction of 
DPN or TPN could be detected. Likewise, it was not possible 
to detect the formation of significant amounts of succinyl-hy- 
droxamic acid (50) when extracts containing chromatophores 
were incubated with either succinate or a-ketoglutarate, whereas 
the formation of acetyl-CoA under similar conditions was easily 
demonstrated (Table VI). It would appear from these data 
that the a-ketoglutaric oxidase is missing or is present in non- 


TABLE V 


Incorporation of C from NaHCO; into aspartate by 
sonic extracts of Chromatium 

The reaction mixture contained 0.5 ml of a sonic extract of 
Chromatium containing 10 mg of protein; 200 wmoles of Tris buffer, 
pH 7.5; 10 umoles of MgCle; 5 wymoles of NaHCO; (containing 
4 we of C“); and water to a final volume of 1 ml. Where indi- 
cated, the following compounds were added: 5 umoles of sodium 
pyruvate; 5 umoles of sodium /-malate; 5 umoles of ATP; 1 umole 
of TPN; 0.02 umole of acetyl-CoA; 10 umoles of IDP; 5 umoles of 
P-enolpyruvate; 5 umoles of PMS. The reaction mixtures were 
incubated for 15 minutes at 30°, and the reactions were stopped 
by the addition of 3 ml of absolute ethanol. Precipitated mate- 
rials were removed by centrifugation and the radioactivity of 
aspartate present in the supernatant solutions was assayed by 
direct counting on paper, after chromatography (38) and auto- 
radiography. 








Supplements to reaction mixture procs ape A 
c.p.m. X 10-3 
Le ERO a Gente eee e TERS fOr 1.5 
Malate, PEN, POO occ. k done sweerssatetielen 4.5 
MMIII ooo coic a ikic ican aaa EE 5.8 
E ORINIEOIS IN sooo 5s cone pew nce noaemararces 6.7 
P-eneipyruvate, BOP ong 6s 5555 i050 widens 15.9 
R PPRINOING ETE 6 ote ncnieins. Wicoaava en bes uemes 40.5 
Pyruvate, ATP, acetyl-CoA................. 61.5 








TaBLe VI 


Assay for formation of acetyl-CoA and succinyl-CoA by cell-free 
extracts of autotrophically-grown Chromatium 
The reaction mixture was the same as that used for the assay 
of aceto-CoA-kinase (see ‘‘Experimental Procedure’’) except that 
DPN (0.6 umoles) was included and KF was omitted. Where 
indicated, succinate (20 umoles) and a-ketoglutarate (20 umoles) 
were substituted for acetate. The bacterial extract contained 
approximately 10 mg of protein per reaction mixture. In this 
particular experiment the extract was not centrifuged to remove 
the chromatophores. 








Substrate Change in O.D. at 540 mp 
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detectable amounts when compared with the capacity of the 
organism to utilize acetate. 


Carbohydrate Synthesis from CO2 


In general, a considerable amount of the COz fixed during the 
photosynthesis of plants and algae is converted directly to carbo- 
hydrates (39). Evidence was sought for the existence of a 
similar pathway in Chromatium. Extracts of autotrophically- 
grown Chromatium were assayed for enzymes considered to 
effect the conversion of CO: to carbohydrate in plants and algae. 
Many of these enzymes are also thought to participate in the 
reductive carbon cycle of photosynthesis (51, 52). 

Enzymes Involved in the Conversion of CO. to UDPG—The 
results of assays performed on Chromatium extracts for enzymes 
involved in the conversion of CO, to UDPG are listed in Table 
VII. The activities shown are the averages of duplicate assays 
on cell-free extracts from two and in some instances from three 


TaBLe VII 
Enzymes involved in conversion of CO2 to UDPG in 
extracts of autotrophic Chromatium 





Enzyme Activity 
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Chromatium extracts. ATP, UDP, and extract were incubated 
together and the reaction products were separated on ion exchange 
paper (for details see ‘‘Experimental Procedure.’’) The solid line 
represents the distribution on the paper of the reaction products 
as determined by optical density measurements. 
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different Chromatium cultures. In all cases the cells were broken 
with a modified Hughes press. The data show that the extracts 
contained high activities of enzymes necessary for the fixation 
of CO: to form 3-P-glycerate and the subsequent conversion of 
3-P-glycerate to hexose phosphate. Although both TPN-linked 
and DPN-linked glyceraldehyde-3-P dehydrogenases appear to 
be prominent in higher plant photosynthesis (53, 54), only the 
DPN-linked enzyme was found in Chromatium. This is true for 
most of the photosynthetic bacteria (55, 56). Alkaline fructose 
1 ,6-diphosphatase which has recently been implicated in photo- 
synthesis (57) is present in high activity in Chromatium extracts, 

The presence of UDPG pyrophosphorylase (Equation 14) in 
the extracts indicates that Chromatium can convert hexose phos- 
phate to UDPG. 


UTP + glucose-1-P — PP + UDPG (14) 


In many organisms the latter compound serves as a source of a 
number of nucleotide derivatives and polysaccharides (58, 59). 
Pyrophosphate is formed during the UDPG pyrophosphorylase 
reaction and can be regenerated to inorganic phosphate by a 
pyrophosphatase or by phosphate transfer to another compound 
(60). Chromatium extracts contained a very active inorganic 
pyrophosphatase (Table VII). The enzyme was inactive in the 
absence of Mg++ and EDTA. 

UTP Formation—UTP is required for the formation of uridine 
diphosphate sugars and related compounds which are important 
intermediates of carbohydrate metabolism. It has been well 
established that Chromatium chromatophores can form ATP 
during photosynthetic phosphorylation (15, 61). Because UDP 
cannot serve as a substrate for photosynthetic phosphorylation 
(62), Chromatium extracts were examined for enzymes which 
used ATP for the synthesis of UTP from UDP. An enzyme 
which forms UTP from ATP and UDP (Equation 15) has been 
found in animal (63) and plant (64) organs. 


ATP + UDP — UTP + ADP (15) 


Chromatium extracts were examined for this enzyme (nucleoside 
diphosphokinase). Fig. 5 shows results from a typical experi- 
ment. The separated components of the reaction mixture in- 
cluded UTP, ATP, UDP, UMP + ADP, and AMP. UTP was 
not formed in the presence of UDP alone, nor in the presence of 
ATP and UMP. This indicated that ATP-nucleoside mono- 
phosphate kinase (65) was either absent or present in low activ- 
ity. In control experiments with boiled enzyme, only the origi- 
nal additions to the reaction mixture (ATP and UDP) were 
found. To further identify UTP, the eluate from the UTP area 
was evaporated, the residue was dissolved in 1 N HCl (0.5 ml), 
and placed in a boiling water bath for 60 minutes. This proce- 
dure hydrolyzes UTP to UMP (66). Aliquots of the hydrolysate 
were chromatographed on unwashed Whatman No. 1 filter paper 
with the solvent of Wyatt (67). After development and drying, 
examination of the chromatogram in short wave ultraviolet light 
revealed a single spot corresponding in position to UMP. 

The formation of UTP from UDP and ATP as measured above 
could also arise through a combination of myokinase and nucleo- 
side triphosphate-AMP kinase. The latter enzyme has been 
reported to be present in calf liver (68). 

Formation of Ribulose Diphosphate from Ribose-6-P—Evidence 
for the conversion of ribose-5-P to ribulose-5-P was obtained by 
incubating Chromatium extracts with ribose-5-P and identifying 
the reaction products. The latter were treated with phosphatase 
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Fria. 6. Chromatography of sugars formed from the reaction of 
Chromatium extract on ribose-5-P. Chromatium extract (1.4 mg 
of protein per ml), potassium ribose-5-P (10 umoles per ml), and 
Tris buffer, pH 7.5 (50 umoles per ml) in 3.5 ml were incubated for 
60 minutes at 23°. A control reaction mixture contained boiled 
enzyme. The reaction was stopped by placing the mixtures in a 
boiling water bath for 2 minutes. The pH was adjusted to 5.0 
with acetic acid and 0.2 ml of purified prostatic acid phosphatase 
(69) was added. The mixture was incubated at 37° for 60 minutes, 
then reboiled. The pH was adjusted to 7.0 with KOH and Amber- 
lite MB-3 resin was added. After the reaction mixture was stirred 
for 5 minutes, it was centrifuged to remove the resin and denatured 
protein. Aliquots of the supernatant fluid were used for chro- 
matography (see ‘‘Experimental Procedure’). A, the control 
(boiled extract + ribose-5-P); B, the test reaction. 


and chromatogrammed with two separate solvent systems. Six 
compounds were separated (Fig. 6). The fastest moving com- 
pound was tentatively identified as dihydroxyacetone. Positive 
identifications were made for ribulose, xylulose, ribose, and sedo- 
heptulose. A slow moving spot which gave a brown color with 
benzidine spray and a blue color with orcinol spray was not 
identified. The control experiments (boiled enzyme) contained 
only ribose and traces of ribulose. The formation of ribulose 
and xylulose in the reaction mixture indicated the presence of 
phosphopentoisomerase (Equation 16) and phosphoketopento- 
epimerase (Equation 17), respectively. 


Ribose-5-P — ribulose-5-P (16) 


(17) 


The production of pentuloses in the reaction mixture was con- 
firmed by the orcinol test (70). During the course of the reac- 
tion, the color given by aliquots of the reaction mixture in the 
orcinol test showed a decrease at 670 mu accompanied by an 
increase at 560 my indicative of pentulose formation (37). 

The presence of transketolase (Equation 18) (71) in Chroma- 
tium extracts was indicated by the identification of sedoheptulose 
and dihydroxyacetone. 


Ribose-5-P + xylulose-5-P > 


Ribulose-5-P — xylulose-5-P 


(18) 
sedoheptulose 7-phosphate + glyceraldehyde-3-P 


Dihydroxyacetone may arise from glyceraldehyde-3-P through 
the action of triosephosphate isomerase (Table VII) whose 
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equilibrium favors dihydroxyacetone formation (21). Ribulose- 
5-P is converted to ribulose diphosphate in the presence of ATP 
and the enzyme phosphoribulokinase (27). The presence of 
this enzyme in Chromatium extracts was demonstrated by 
DPNH oxidation in the presence of the extract, excess pyruvate 
kinase, lactic dehydrogenase, ATP, and ribulose-5-P (Equa- 
tions 19 to 21). 











hosphoribuloki 
Ribulcss-5-P + ATP —loeemeee wn 
ribulose diphosphate + ADP 
" ‘ ' pyruvate kinase 
ADP + P-enolpyruvate (20) 
pyruvate + ATP 
lacti 
Pyruvate + DPNH > DPN + lactate (21) 
dehy drogenase _ 


Rates corresponding to 3000 to 4000 umoles per minute per g of 
soluble protein were obtained. 


DISCUSSION 


The photosynthetic fixation of CO. in higher plants and the 
green algae proceeds primarily in the direction of carbohydrate 
biosynthesis. The autotrophic metabolism of these cells is then 
probably directed more towards the synthesis of new cellular 
material than to the production of storage carbohydrates. In 
common with higher plants, COs fixation involves the carboxyla- 
tion of ribulose diphosphate. However, some of the P-glycerate 
formed, which in plant metabolism would be utilized for carbo- 
hydrate synthesis, appears in Chromatium to be diverted towards 
the formation of organic acids. Such an interrelationship is 
indicated in Fig. 7, which summarizes some of the possible path- 
ways of Chromatium carbon metabolism as indicated by the 
studies reported in this paper. 

Chromatium, like many other bacteria (43) and indeed like 
some higher plants (72) that convert acetate to carbohydrates, 
has an inducible glyoxylate cycle. In Chromatium the glyoxylate 
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Fig. 7. Possible pathways of autotrophic and heterotrophic car- 
bon metabolism in Chromatium. The solid lines indicate reactions 
for which evidence has been presented in this paper. The fol- 
lowing nonstandard abbreviations are used: Xu, xylulose; R, 
ribose; Ru, ribulose; PGA, P-glycerate; PEP, P-enolpyruvate; 
GA, glyceraldehyde; DHA, dihydroxyacetone; OAA, oxalacetate; 
F, fructose; G, glucose; and DP, diphosphate. 
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cycle is modified in that the malic dehydrogenase reaction is 
apparently missing. This step appears to be circumvented by 
the decarboxylation of malate to pyruvate by the “malic en- 
zyme” and the carboxylation of pyruvate to give oxalacetate. 
When acetate is the only carbon substrate for growth, the ribu- 
lose diphosphate-carboxylating enzyme is suppressed. It there- 
fore seems likely that the photosynthesis of this organism when 
grown as a heterotroph on acetate proceeds by the direct photo- 
chemically dependent incorporation of C. compounds (cf. 9, 48). 
Intermediates of the modified glyoxylate cycle may directly 
provide the carbon skeletons for protein synthesis (as suggested 
previously by Krebs et al. (73) for intermediates of the citric 
acid cycle). Pyruvate may be drained from the cycle and 
utilized for carbohydrate synthesis via the acetyl-CoA-depend- 
ent, pyruvate-carboxylating enzyme and oxalacetic carboxylase. 
Utter and Keech (49) state that this latter pathway may be of 
importance in liver metabolism. 

The only known storage polysaccharide produced by Chro- 
matium is a galactose polymer found by Newton and Newton 
to be apparently associated with the chromatophore (74). Stan- 
ier et al. (4) have demonstrated the accumulation of polysac- 
charide material in the photosynthetic facultative aerobe Rhodo- 
spirillum rubrum when grown tinder certain conditions. The 
enzymes necessary for the synthesis of UDPG have been demon- 
strated in Chromatium. Thus a pathway for carbohydrate 
synthesis from CQ, is probably present in autotrophically grown 
cells. Experiments have not been conducted to establish the 
presence of the enzymes for carbohydrate synthesis in hetero- 
trophically grown cells, but it is likely that a similar pathway 
exists in these cells, which allows for the conversion of substrates 
such as acetate and malate to carbohydrates. Possible path- 
ways for these interconversions are indicated in Fig. 7. 

Many of the enzymes of carbohydrate synthesis also partici- 
pate in the “Calvin photosynthetic cycle” (51, 52). Additional 
enzymes of this cycle which were found in extracts of autotrophi- 
cally grown Chromatium were transketolase, phosphoketopento- 
epimerase, and the enzymes which convert ribose-5-P to ribu- 
lose-diphosphate. These results indicate that Chromatium when 
grown on CO, as the sole carbon source contains a photosyn- 
thetic reductive cycle very similar to that operating in algae 
and plants. 

It has been suggested (4, 48, 75) that the role of light in bac- 
terial photosynthesis is limited to the production of ATP by 
photosynthetic phosphorylation. The ATP is then utilized in a 
number of enzymatic reactions during carbon assimilation. 
Various places where ATP from photosynthetic phosphorylation 
could contribute to the over-all autotrophic and heterotrophic 
carbon metabolism of Chromatium are also indicated in Fig. 7. 


SUMMARY 


The kinetics of the light-dependent fixation of CO2 by Chro- 
matium has been investigated. The primary products formed 
in short time fixation are aspartate and phosphoglycerate. 

Enzymes of the glyoxylate cycle, with the exception of malic 
dehydrogenase, are present in acetate-grown Chromatium. Iso- 
citratase is induced only when acetate is the source of carbon. 
The glyoxylate cycle is completed by the decarboxylation of 
malate to pyruvate and the carboxylation of pyruvate to oxal- 
acetate. Ribulose 1,5-diphosphate carboxylase is suppressed 
when Chromatium is grown on acetate or malate. 

The activities of enzymes which participate in carbohydrate 


synthesis and the “Calvin photosynthetic cycle” in autotrophi- 
cally grown Chromatium have been determined. 
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Previously reported results of ultracentrifugal separation 
experiments (1) have indicated that approximately 4 moles of 
diphosphopyridine nucleotide are bound by 1 mole of crystalline 
beef heart lactic dehydrogenase. A similar result was obtained 
by Pfleiderer et al. (2) and by van Eys et al. (3) from measure- 
ments of the absorbancy changes accompanying the formation 
of various adducts with enzyme-bound DPN. Measurements of 
the increase in fluorescent emission of DPNH in the presence of 
lactic dehydrogenase (4, 5) have indicated that approximately 4 
moles of DPNH are also bound by the enzyme. Because DPN 
competes with DPNH for the binding sites (5, 6), it is presumed 
that they are the same for each form of the coenzyme. 

The further observation that pyruvate and lactate are not 
bound to the enzyme (1) required that the reaction be formulated 
as a compulsory pathway mechanism in which substrate can 
combine only with the enzyme-coenzyme complex. This formu- 
lation is consistent with the observed kinetics of the reaction 
(6, 7) and also with the behavior of oxamate and of oxalate as 
inhibitors of the reaction (8). It has been tacitly assumed in 
previous work from this laboratory that each molecule of bound 
coenzyme is able to react with a molecule of substrate. How- 
ever, van Eys et al. (3) have observed that 1 mole of enzyme- 
(DPN), forms only 2 moles of mercaptosuccinate-DPN adduct. 
Because of this observation, a mechanism for action of dehydro- 
genases was proposed in which 2 molecules of enzyme-bound co- 
enzyme cooperate in the reaction with 1 molecule of substrate 
(9). Also, Pfleiderer et al. (10) have concluded from studies of 
the inhibition of crystalline pig heart lactic dehydrogenase with 
mercuribenzoate that only two coenzyme-binding sites are also 
sites at which reaction with substrate occurs. 

It would seem possible to obtain direct information of the 
number of binding sites for substrate by utilizing the centrifugal 
separation technique to measure the change in concentration of 
substrate in the presence of an excess of coenzyme. However, 
because the equilibrium of the enzymatic reaction lies far in the 
direction of DPN and lactate and because the Michaelis con- 
stants for these reactants are large (6), these measurements would 
require measurements of small changes in large concentrations. 


* This investigation was supported by grant No. RG-2941 from 
the National Institutes of Health, United States Public Health 
Service, and abstracted from a thesis submitted by Mr. William 
B. Novoa to the Graduate School of Duke University, in partial 
fulfillment of the requirements for the degree of Doctor of Phi- 
losophy. 

t Present address, Department of Biochemistry, University of 
Washington School of Medicine, Seattle, Washington. 

t Present address, Department of Biochemistry, University of 
Kentucky College of Medicine, Lexington, Kentucky. 


The observation (8) that oxamate and oxalate inhibit the en- 
zyme principally by competition with pyruvate and lactate, 
respectively, suggested the possibility that these substances 
would be suitable models for measuring the number of binding 
sites for substrate by the enzyme-coenzyme complexes. The 
results of binding experiments with these compounds are re- 
ported here. 


EXPERIMENTAL PROCEDURE 


Materials—Crystalline lactic dehydrogenase was prepared 
from beef heart by the method previously used in this labora- 
tory (1). Separation of the faster migrating electrophoretic 
component of the crystalline preparation, designated as Frac- 
tion A by Neilands (11), was accomplished by gradient elution 
from an hydroxylapatite column.! Fraction A, prepared by 
this technique, exhibits a single boundary in the ultracentrifuge 
and in free solution electrophoresis. 

The material recovered from the column was crystallized and 
stored as a crystal suspension in half-saturated ammonium sul- 
fate at 4°. Stock solutions of the enzyme were prepared by 
dialyzing the crystal suspension free from ammonium ion against 
0.05 m phosphate buffer, pH 7.40. 

Dimethy] oxalate, labeled with C™ in both carbons of the 
oxalic acid moiety, was purchased from Isotopes Specialties 
Company. This material was diluted with Eastman dimethyl 
oxalate to an activity of 1.0 me per mmole. 

Methyl oxamate was prepared by a modification of the pro- 
cedure of Sah and Chien (12). The concentration of ammonia 
in a solution prepared by the dilution of 1 volume of concen- 
trated ammonium hydroxide with 9 volumes of absolute ethanol 
was determined by titration with acid. A volume of this solu- 
tion containing 1 mmole of ammonia was chilled in ice and 
added to a cold solution of 1 mmole of dimethyl oxalate in 10 
ml of absolute ethanol. The resulting solution was allowed to 
stand overnight at 4°. Oxamide, formed as a by-product, was 
removed by filtration and the filtrate was taken to dryness in a 
vacuum with a rotary evaporator. The solid residue was 
broken up and extracted with two 1-ml portions of benzene to 
remove unreacted dimethyl oxalate. The remaining benzene 
was removed in a vacuum. 

The dry residue, presumably methy] oxamate, was dissolved 
in 2 ml of water, warmed to approximately 70°, and titrated to 4 
phenolphthalein end point with 1 N KOH solution.2 The addi- 


1 The details of this procedure, which was developed by Mr. 
David Millar, will be published. 

2 This modification of the procedure of Oelbers (13) was sug- 
gested by Dr. Sidney Colowick. 
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tion of alcohol resulted in the precipitation of potassium oxamate 
as fine needles. The nitrogen content of this product agreed 
with theory within the precision of the semimicro Kjeldahl 
determination. 

C-labeled oxalic acid, purchased from the Nuclear-Chicago 
Corporation, was diluted to a specific activity of 1 me per 
mmole with Merck oxalic acid. DPN was obtained from Pabst 
Laboratories and DPNH from the Sigma Chemical Company. 

Methods—The binding of oxamate and of oxalate to the en- 
zyme was measured by the decrease in radioactivity of the 
supernatant solution after the protein had been separated by 
ultracentrifugal sedimentation. The techniques followed in the 
ultracentrifugal separation were essentially those described by 
Velick et al. (14). Three-milliliter volumes of solutions contain- 
ing enzyme and inhibitor or enzyme, coenzyme, and inhibitor 
were subjected to ultracentrifugal separation in the preparative 
A rotor of the Spinco model E ultracentrifuge for 2 hours at a 
mean relative centrifugal fiéld of approximately 180,000 x g. 
The rotor was allowed to coast to a stop, the tubes were re- 
moved, and approximately 1 ml of the supernatant solution 
was removed from each tube. 

Aliquots of the supernatant solutions were diluted with water 
to bring the counting rate within the range of the counter. De- 
pending upon the initial concentration, this dilution varied from 
10- to 100-fold. Aliquots of the diluted solutions were dried 
on stainless steel planchets. To minimize errors arising from 
nonuniform drying on the planchets, two to four planchets 
were prepared with each solution. The mean value of the 
count rate was used for the estimation of concentration of the 
C“Jabeled compound. Counting was done at infinite thinness 
ina Tracerlab windowless flow counter, model SC-16. Because 
the minimal counting rate was at least 10 times background and 
was carried out to 10,000 counts, the standard deviation of the 
corrected count rate was less than 2%. 

Standard solutions of labeled oxamate and oxalate, used to 
establish the relationship between count rate and concentration 
for each experiment, were identical with the test solutions with 
the exception that enzyme was omitted. 

In each series of solutions subjected to ultracentrifugal separa- 
tion, one tube contained only enzyme. The protein concentra- 
tion remaining in the supernatant solution was estimated on the 
contents of this tube by means of absorbancy measurements at 
280 mu. Significant absorbancy was not found in any experi- 
ment. 

Enzyme concentration was estimated from absorbancy meas- 
urements at 280 my by use of a value of 1.45 for the absorbancy 
of a solution containing 1 mg of enzyme per ml in a 1l-cm cu- 
vette (7). The molecular weight of the enzyme was taken as 
135,000 (15). 

The solvent in all experiments was 0.05 m phosphate, pH 7.40. 
Phosphate was used in preference to Tris, previously used for 
kinetic measurements (6), because dissociation constants for 
coenzyme have been observed to be smaller in phosphate buffers 
(6,7). Both DPN and DPNH are stable in this buffer during 
the time required for a complete experiment. 


RESULTS 


Two separation experiments were carried out to determine 
whether binding of oxamate by the enzyme in the absence of 
coenzyme could be detected. The results of these experiments 
are summarized in Table I. 


W. B. Novoa and G. W. Schwert 
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TABLE I 


Attempt to demonstrate binding of oxamate by 
lactic dehydrogenase 























‘ Oxamate concentration 
Experiment No. | concentration | temperature 
Initial Final 
M X 108 M X 105 
1 8.50 27.2 11.0 | 10.6 
| 9.00 | 9.13 
| 7.00 6.96 
5.00 5.35 
4.00 3.88 
2 15.0 24.7 14.2 15.1 
12.3 12.6 
10.4 10.5 
8.50 8.40 
| | 6.62 | 6.75 
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Fic. 1. Plots illustrating the binding of oxamate by lactic de- 
hydrogenase in the presence of DPNH (open symbols) and of ox- 
alate by lactic dehydrogenase in the presence of DPN (filled sym- 
bols). For the experiment represented by O, the initial enzyme 
concentration was 6.15 X 10-® M, the initial DPNH concentration 
was 2.01 X 10-4 Mm, and the mean rotor temperature during cen- 
trifugal separation was 23.1°; A, initial lactic dehydrogenase and 
DPNH concentrations were 14.8 X 10-* m and 4.69 X 10-* M, re- 
spectively. The mean rotor temperature was 25.8°. (, initial 
enzyme concentration, 10.3 X 10-* M; initial DPNH concentra- 
tion, 3.22 X 10-4 M; mean rotor temperature, 25.3°. The condi- 
tions are given in the text for the experiment in which the binding 
of oxalate by the enzyme-DPN complex was measured. 


The results of three experiments designed to measure the 
extent of binding of oxamate by enzyme in the presence of 
DPNH are shown by the open symbols in Fig. 1. The data are 
plotted according to the equation used by Scatchard (16): 


r =n — Kr/(I) (1) 


in which r is the number of moles of oxamate bound per mole of 
enzyme; n, the intercept on the axis of ordinates, is the maximal 
number of binding sites per mole of enzyme; K, the negative 
slope of the line, is the intrinsic dissociation constant for the 
dissociation of oxamate from the enzyme-DPNH-oxamate com- 
plex; and (J) is the equilibrium concentration of inhibitor. The 
line shown in Fig. 1 was calculated by the method of least 
squares. The maximal number of binding sites per mole of 
enzyme is 3.6 + 0.2 and the dissociation constant 1.1 + 0.3 x 
10-5. A previous report from this laboratory (1) has indicated 
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that, under conditions approximating those used for these bind- 
ing measurements, the dissociation constant for the dissociation 
of DPNH from the lactic dehydrogenase-DPNH complex is of 
the order of 10-*m. If it is assumed that there are four binding 
sites for DPNH per 135,000 g of enzyme, it follows that the 
enzyme was more than 98% saturated with DPNH in each of 
the experiments shown in Fig. 1. Further, because the binding 
of DPNH and of oxamate presumably occurs sequentially, the 
apparent dissociation constant for DPNH would be even smaller 
in the presence of oxamate (17). 

The filled symbols in Fig. 1 represent the results of a single 
ultracentrifugal separation experiment in which varying con- 
centrations of labeled oxalate were added to lactic dehydrogen- 
ase and DPN at initial concentrations of 7.7 x 10-§m and 5.0 x 
10-3 mM, respectively. The mean rotor temperature during the 
separation was 23.1°. By use of a value of 3 X 10-4 M for the 
dissociation constant of DPN from the enzyme-DPN complex, 
and making no allowance for the effect of oxalate in reducing 
the apparent value of this constant, it is calculated that 86% 
of the binding sites were combined with DPN during this experi- 
ment. The upper line in Fig. 1 indicates that 4.0 + 0.1 moles 
of oxalate are bound per mole of enzyme and that the intrinsic 
dissociation constant of oxalate is 2.1 + 0.1 x 10-®M. 

In the same experiment, DPN was omitted from two centri- 
fuge tubes. Enzyme was present at the same initial concentra- 
tion as in the other tubes and oxalate was added to initial con- 
centrations of 9.36 and 15.6 xk 10-° mM. At the end of the 
separation, the concentrations of oxalate in the supernatant 
solutions were 9.40 and 15.9 X 10-5 M, respectively. 

The inhibitory effects of oxamate on the enzymatic reaction 
could be accounted for only when an enzyme-DPN-oxamate 
complex was postulated in addition to the predominant enzyme- 
DPNH-oxamate complex (8). Fig. 2 shows the results of experi- 
ments in which enzyme was separated from solutions of DPN 
containing varying initial concentrations of oxamate. It is 
calculated that the enzyme was not less than 92% saturated 
with DPN during these experiments. The line shown in Fig. 2 
indicates the maximal number of binding sites to be 3.3 + 0.6 
and the intrinsic dissociation constant for oxamate from the 
ternary enzyme-DPN-oxamate complex to be 1.7 + 0.2 x 10-4 
M. 
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Fia. 2. Plot illustrating the binding of oxamate by lactic de- 
hydrogenase in the presence of DPN. 0, initial enzyme concen- 
tration, 1.28 X 10-* Mm; initial DPN concentration, 3.44 X 107 m; 
mean rotor temperature during ultracentrifugal separation, 23.8°. 
A, initial enzyme concentration, 3.12 X 10-5 M; initial DPN con- 
centration, 5.42 X 10-* m; mean rotor temperature, 22.5°. 
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DISCUSSION 


To the extent that oxamate and oxalate resemble pyruvate 
and lactate in their interactions with enzyme-DPNH and ep. 
zyme-DPN complexes, respectively, the present measurements 
indicate that each binding site for coenzyme is able to bind | 
molecule of substrate after it has combined with 1 molecule of 
coenzyme. Although the effects of pressure on the various 
equilibria are unknown, they are presumably small because the 
same numbers of binding sites for DPN were previously esti- 
mated from ultracentrifugal separation experiments (1) and 
from spectral measurements carried out at one atmosphere 
(2-5). Further, dissociation constants for DPN, previously 
estimated from centrifugal separation experiments and from 
kinetic measuements (1), are in good agreement. Only one of 
the dissociation constants estimated from the present results 
can be compared with estimates made from kinetic measure. 
ments because, in most cases, a different buffer system was used 
for kinetic measurements. However, the dissociation constant 
estimated from inhibition measurements for the dissociation of 
oxamate from the enzyme-DPNH-oxamate complex at 26° in 
0.05 m phosphate, pH 6.80, is 1.2 x 10-5 m (8). The value esti- 
mated from the present measurements at temperatures between 
23° and 25° in 0.05 m phosphate, pH 7.40, is 1.1 < 10-° Mm. 

The present measurements also provide independent evidence 
for the various ternary complexes which were previously postu- 
lated to account for inhibition (8) and for fluorometric effects 
(18). Support has not been found for the existence of binary 
enzyme-inhibitor complexes which were previously proposed to 
account for third order effects of oxamate and of oxalate as in- 
hibitors (8). The present data are consistent with the view 
that neither inhibitors nor substrates are bound by the enzyme 
but only by the enzyme-coenzyme complex. 

A hypothesis which would account for the findings that only 
2 moles of mercaptosuccinate react with 4 moles of bound DPN, 
and that oxamate and oxalate are not bound by the enzyme 
alone but that they seem to act, to a limited degree, as competi- 
tive inhibitors with respect to the coenzyme is that the binding 
sites for coenzyme are closely paired spatially. If this were 
true, two molecules of inhibitor might be attached to a single 
coenzyme site at high inhibitor concentrations and _ prevent 
coenzyme from combining with an adjacent site. Also, because 
mercaptosuccinate is a larger molecule than oxamate or oxalate 
and is doubly charged, it might displace coenzyme from an ad- 
jacent site. This proposal suffers from the disadvantage that 
binding experiments (1) and fluorescent titrations (4, 5) indicate 
that the binding sites for coenzyme are independent. If they 
were near enough spatially for bound inhibitors to interact 
with an adjacent site, independence of the sites would seem 
improbable. 

It seems possible that the differences between the present 
results and those of Pfleiderer et al. (10), which indicate that 
only two coenzyme-binding sites are enzymatically active, may 
result from the use of beef heart enzyme for the present measure- 
ments and pig heart enzyme by Pfleiderer e¢ al. Crystalline 
lactic dehydrogenase from dog heart, prepared by the method 
used for the beef heart enzyme, differs from the beef enzyme in 
several physical and kinetic properties.* 


3 Dr. Charles C. Richardson, unpublished experiments. 


Ju 





XUM 


dyruvate 
and en. 
lrementg 
o bind | 
lecule of 
various 
‘ause the 
isly esti- 
(1) and 
nosphere 
reviously 
nd from 
ly one of 
t results 
measure- 
Was used 
constant 
‘lation of 
it, 26° in 
alue esti- 
between 
“e : 
evidence 
ly postu- 
ic effects 
of binary 
yposed to 
ute as in- 
the view 
e enzyme 


that only 
nd DPN, 
> enzyme 
competi- 
e binding 
this were 
) a single 

prevent 
, because 
r oxalate 
m an ad- 
tage that 
) indicate 

If they 
- interact 
uld seem 


> present 
cate that 
tive, may 
measure- 
rystalline 
e method 
nzyme in 


ts. 





July 1961 W. B. Novoa and G. 


SUMMARY 


The existence of ternary complexes of crystalline beef heart 
lactic dehydrogenase with reduced diphosphopyridine nucleo- 
tide and oxamate, with diphosphopyridine nucleotide and oxa- 
jate, and with diphosphopyridine nucleotide and oxamate has 
been confirmed by ultracentrifugal separation measurements. 
Approximately 1 mole of oxamate or oxalate is bound for each 
mole of bound coenzyme. No complex between enzyme and 
oxamate or oxalate could be detected in the absence of coen- 
zyme. 
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